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HYDROGENASE DEFICIENT BACTERIAL STRAINS 

RELATED APPLICATIONS 

This application claims priority under 35 USC § 119(e) to US Provisional 
Application Serial No. 60/549,306, filed March 2, 2004 and 60/604,846, filed August 26, 
5 2004 the disclosures of which are incorporated herein by reference. 

BACKGROUND 

Together enteric pathogens are responsible for an estimated 2 million 
deaths annually and cause millions more cases of diarrheal illness annually, even in 
developed countries. S. typhimurium is one of the most common causes of diarrhea and is 

10 transmitted primarily by ingestion of contaminated food. Although the infected 

individual typically recovers from the abdominal pain and diarrhea, an individual will 
continue to shed S. typhimurium for up to three months, and in some individuals for up to 
a year after the initial symptoms. Therefore it is clear the bacteria have the capability of 
surviving and growing in the host. 

15 Based on annotated whole genome sequences, intestinal disease-causing 

bacteria such as Salmonella, Escherichia coli, Shigella, Yersinia, and Campylobacter all 
contain homologous hydrogenases. Hydrogenases are membrane associated "H 2 
splitting" enzymes, that carry out the following relatively simple H 2 oxidizing reaction: 
H 2 ~ => 2e" + 2H + . Metal containing hydrogenases are subdivided into three classes: Fe 

20 ("iron only") hydrogenases, Ni-Fe hydrogenases and Ni-Fe-Se hydrogenases. The 

membrane-bound hydrogenases associated with H 2 oxidation typically split molecular H 2 
via the NiFe metal center, with the release of protons and low potential electrons (see 
Vignais, et al., (2001) FEMS Microbiol. Rev. 25:455-501). 

The Ni-Fe hydrogenases are heterodimeric proteins consisting of small (S) 

25 and large (L) subunits. The small subunit contains three iron-sulphur clusters, two 

[Fe 4 S 4 ] 2+/1+ and one [Fe 3 S4] 1+/0 , and the large subunit contains a nickel-iron centre. The 
hydrogen (H 2 ) splitting reaction by Ni-Fe hydrogenases does not yield energy as ATP per 
se, but the two protons released from H 2 can contribute to a proton gradient across the 
membrane. Importantly, the NiFe hydrogenase enzymes are membrane associated where 

30 the electrons generated from splitting molecular hydrogen are sequentially passed to 

heme-containing or quinone-reactive proteins. The potential energy thus generated can 
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be used for ATP production via oxidative phosphorylation or to drive carbon transport 
systems. 

Only recently has the process of energy generation from H 2 been 
recognized as being potentially important for bacterial pathogenesis within animal hosts 
5 (Olson and Maier (2002) Science. 298:788-1790). Hydrogen is present in animal ! s 
digestive tract as a consequence of the fermentive metabolism by the normal colonic 
flora. Therefore, the possession of hydro genase enzymes by enteric bacterial strains, 
together with a readily available source of H2 in the digestive tract, may play an important 
role in enteric bacteria's ability to proliferate in the digestive tract of an animal. 
10 One aspect of the present disclosure relates to compositions and a method 

of reducing the virulence of pathogenic bacteria by preventing the expression of 
functional hydrogenase activity in the bacterial. 

SUMMARY OF VARIOUS EMBODIMENTS OF THE DISCLOSURE 

One embodiment of the present disclosure is directed to an isolated 

1 5 bacterium that has been modified to be hydrogenase deficient relative to wild type strains. 
More particularly, the modified bacterial strain has a greater than 50% reduction in 
hydrogenase activity relative to a wild type strain. More particularly, in one embodiment 
the modified strain is incapable of expressing a functional NiFe hydrogenase protein. In 
accordance with one embodiment the bacterial strain is an enteric pathogen selected from 

20 the group consisting of Salmonella, E. coli, Shigella, and Campylobacter (including for 
example, Salmonella typhimurium, Salmonella typhi, E. coli 0157, Shigella flexneri, 
Shingella sonnet, and Campylobacter jejuni), wherein the strain comprises a mutation to 
each of the NiFe hydrogenase genes present in the genome of the strain, such that the 
mutations prevent the expression of a functional NiFe hydrogenase protein. 

25 The present disclosure further encompasses compositions that comprise 

the novel hydrogenase deficient strains described herein. These compositions may 
include a pharmaceutically acceptable carrier, adjuvants, other beneficial bacterial strains 
(i.e. probiotics) or other antimicrobial agents. The compositions are formulated for 
admission to a warm blooded vertebrate, either orally or peritoneally. In one embodiment 

30 the hydrogenase deficient bacterial compositions are in the form of a frozen or 

lyophilized powder. Alternatively they can be combined with the food or drinking water 
of the animal to which they are to be administered. 
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The present disclosure is also directed to the use of compositions 
comprising hydrogenase deficient bacteria to treat or prevent enteric bacterial pathogenic 
infections. In one embodiment a method of inducing an immune response in a mammal 
against a pathogenic bacterium is provided, wherein the immune response protects the 
5 animal from, or reduces the severity of, future infections of that pathogen. The method 
comprises the step of administering to said mammal a composition comprising live 
bacterium, wherein the bacterium has been modified to prevent the expression of a 
functional NiFe hydrogenase protein. In one embodiment the bacterium is selected from 
the group consisting of Sahnonella typhimurium, Salmonella typhi, E. coli 0157, Shigella 
10 flexneri, Shingella sonnei, and Campylobacter jejuni, and the composition is administered 
orally. 

In one embodiment a method of protecting a warm blooded vertebrate 
against an infection with pathogenic Salmonella, Heliobactor, E. coli, Shigella, or 
Campylobacter is provided. The method comprises the step of administering to the 

15 subject a live bacterium, selected from the group consisting of Salmonella, Heliobactor, 
E. coli, Shigella, and Campylobacter, wherein the bacterium has been modified to prevent 
expression of a functional NiFe hydrogenase protein. In one embodiment the pathogenic 
bacterial strain is modified to have a deletion of at least a portion of each of the NiFe 
hydrogenase genes present in the pathogenic bacterial strain's genome, rendering the 

20 bacterium incapable of expressing detectable amounts of NiFe hydrogenase protein. In 
one embodiment a composition comprising a live Salmonella strain is administered to a 
mammalian species to protect the species, or at least reduce the severity of symptoms 
associated with, a Salmonella infection. In one embodiment the method comprises 
administering live Salmonella wherein each of the NiFe hydrogenase genes present in the 

25 genome of the bacterium has been mutated to prevent expression of a functional NiFe 
hydrogenase protein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic representation of the steps taken to produce the 
mutant bacteria of the present disclosure. 
30 Fig. 2 is a graphic representation of the dual channel amperometric 

recording of simultaneous H2 and O2 use by whole cells of Salmonella typhimurium. H 2 
and 0 2 were injected into the (5.5 ml vol.) amperometric chamber from gas-saturated 
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solutions and the gases were monitored continuously by amplified amperometric 
electrodes signals on a chart recorder. The chamber contained 6.8 x 10 s washed 
Salmonella typhimurium (wild type) cells obtained from blood agar plates. The cells 
were suspended in PBS, and the assay conducted in PBS. Oxygen is exhausted at about 
5 the 5 min time period, and the minimum detectable level is about 20nM. The O2 pen is 
offset in the figure to record approximately 30 seconds ahead of the H2 pen. 

Fig. 3 is a graphic representation of data generated from testing the 
virulence of the modified Salmonella typhimurium strains on mice. The data shown is 
from a total of 30 mice each for the wild type and the triple mutant strain, based on the 
10 combined data from two separate experiments. The y- axis is the percent survival. The 
inoculant was 1 x 10 6 cells introduced orally. For JSG319 (Group IFIIF), 20 mice were 
used, and 10 mice for JSG315 (Group TIL"). Data for another double mutant strain 
(JSG3 17, Group rill") is not shown but was similar to the results obtained for strain JSG 
315. 

15 Fig. 4 is a schematic representation of the organization of hyaB gene in the 

genome of H. hepaticus. Four hydrogenase structural genes, hyaA, hyaB, hyaC and hyaD 
(HH 0056 to HH 0059) are present in a single operon. The distance between HH 0055 
(traA_2) and hyaA is 355 bp and it is transcribed in the reverse orientation. HH 0060 is a 
hypothetical gene. Partial sequence of hyaB and hyaC (1303 bp) was PGR amplified and 

20 cloned into a pGEM-T vector followed by insertion of a chloramphenicol resistance 

cassette into an unique Aval site within hyaB to give the pGEM-T:hyaB:Cm construct. 

Fig. 5 is a graphic presentation of data showing growth of wild type and 
hyaB mutant in the presence of 10 juM supplementary nickel and in the presence or 
absence of hydrogen. Results are representative of three independent experiments, all 

25 conducted in MHD plus 2% serum. The gas (either H 2 or argon) was added to 10% of the 
head space atmosphere, delivered through a serum stopper via an argon-sparged syringe, 
from a 100% tank of the indicated gas. 
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DETAILED DESCRIPTION OF EMBODIMENTS 
Definitions 

In describing and claiming the invention, the following terminology will 
be used in accordance with the definitions set forth below. 
5 The term "isolated" as used herein refers to material that has been removed 

from its natural environment and separated from other components normally associated 
with the material in a native environment. For example, a naturally-occurring bacteria 
present in a living animal is not isolated, but the same bacterial strain, removed from the 
animal and substantially free of coexisting microorganisms present in the natural system, 
10 is isolated. 

The term "wild type" refers to an organism that comprises one of the major 
genotypes of the organism that occurs in nature (i.e. how the organisms are found 
naturally, in the wild, before being manipulated by researchers), in contrast to an 
organism containing mutations induced deliberately by man or produced by man using 
15 controlled cross-breeding. 

As used herein, the term "pharmaceutically acceptable carrier" includes 
any of the standard pharmaceutical carriers, such as a phosphate buffered saline solution, 
water, emulsions such as an oil/water or water/oil emulsion, and various types of wetting 
agents. The term also encompasses any of the agents approved by a regulatory agency of 
20 the US Federal government or listed in the US Pharmacopeia for use in animals, 
including humans. 

As used herein, the term "treating" includes alleviating the symptoms 
associated with a specific disorder or condition and/or preventing or eliminating said 
symptoms. 

25 As used herein, the term "hydrogenase deficient bacteria" includes any 

bacterial strain that expresses substantially reduced hydrogenase activity levels (at least a 
33% reduction) relative to a wild type counterpart when both types of cells are cultured 
under similar conditions. 

As used herein, the term "NiFe hydrogenase" refers to a heterodimeric 

30 protein that comprises a small (S) and large (L) subunit and a nickel-iron centre. A 

"functional NiFe hydrogenase" is a NiFe hydrogenase capable of catalyzing the reversible 
oxidation of molecular hydrogen (H2). 
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As used herein, the term "hydrogenase gene" refers to any DNA sequence 
that encodes a protein that comprises a functional hydrogenase enzyme. For example, 
reference to the "NiFe hydrogenase gene" is intended to include the DNA sequences 
encoding both the small and the large sub units. 

5 Embodiments 

The present disclosure is directed to bacteria, and compositions comprising 
such bacteria, that have been modified to express reduced hydrogenase activity levels 
relative to their wild type counterparts when both types of cells are cultured under similar 
conditions, hi one embodiment the bacterial strains are pathogenic enteric strains that 

10 have been modified to prevent detectable levels of NiFe protein from being produced by 
the bacteria. In accordance with one embodiment, compositions comprising the 
hydrogenase deficient bacteria of the present disclosure are administered to an animal to 
prevent a pathogenic bacterial infection, or reduce or eliminate the presence of a 
pathogenic bacterium in an animal. 

15 In one embodiment the hydrogenase deficient bacteria of the present 

disclosure express less than half the hydrogenase activity levels of a wild type 
counterpart, and in another embodiment the modified bacteria express less than 25% the 
hydrogenase activity levels of a wild type counterpart. In another embodiment the 
modified bacteria express less than 5% of the hydrogenase activity levels of a wild type 

20 counterpart. In one embodiment the modified bacteria expresses less than 5% of the NiFe 
hydrogenase protein than a wild type strain. In another embodiment the modified bacteria 
expresses undetectable levels of NiFe hydrogenase protein and/or activity. 

Bacteria can be modified to decrease their hydrogenase activity (i.e. 
disrupt the bacteria's ability to oxidize H 2 ) using any of the standard techniques known to 

25 those skilled in the art. The NiFe hydrogenase deficient bacterial strains of the present 
disclosure is intended to encompass all such strains that have been modified to express 
low or undetectable amounts of NiFe hydrogenase protein and/or activity. For example, 
the expression or stability of hydrogenase can be decreased through the use of anti-sense 
nucleic acids, the use of ribozymes and/or by introducing mutations into hydrogenase 

30 gene sequences. Mutations of the genes may comprise point mutations, insertions and/or 
deletions of the hydrogenase gene sequence, provided that the mutation(s) either interfere 
with the transcription of the gene, interfere with the translation of the gene transcript, or 
interfere with the function of the encoded protein. In one embodiment one or more 
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mutations are introduced into each of the functional NiFe hydro genase genes of the target 
organism, resulting in the organism's failure to produce detectable levels of NiFe 
hydrogenase protein and/or activity. 

In accordance with one embodiment of the present disclosure, a 
5 pathogenic bacterial cell is provided wherein the NiFe hydrogenase genes of the bacteria 
have been modified by mutation to prevent the bacteria from expressing a functional NiFe 
hydrogenase enzyme. In accordance with one embodiment the mutation introduces one 
or more stop codons into the reading frame of the NiFe hydrogenase gene. Alternatively, 
the mutation may introduce a frameshift that allows for the generation of a protein that is 

10 devoid of, or has very poor, hydrogenase activity. In another embodiment the mutation 
comprises a deletion of at least a portion of the gene, rendering the gene incapable of 
expressing a functional NiFe hydrogenase protein. Since several NiFe hydrogenase genes 
are expressed from operons that encode several gene product, it is advantageous in these 
situations to select a mutation strategy that minimizes the impact on downstream gene 

15 expression. 

In accordance with one embodiment an isolated pathogenic bacterium is 
provided wherein each of the hydrogenase genes present in the genome of the bacterium 
is mutated, wherein the mutations prevent the expression of a functional hydrogenase 
protein. In one embodiment the bacterium is selected from the group consisting of 

20 Salmonella, Heliobactor, Escherichia (e.g. E. coli), Shigella, Yersinia, Pastuerellaceae, 
and Campylobacter. More particularly, the bacterium is selected from the group 
consisting of Salmonella typhimurium, Salmonella typhi, E. coli 0157, Shigella flexneri, 
Shingella sonnei, H. pylori, H. hepaticus, Actinobacillus pleuropneumoniae and 
Campylobacter jejuni. In one embodiment the bacterium is Salmonella typhimurium, 

25 Salmonella typhi or Campylobacter jejuni, wherein each of the NiFe hydrogenase genes 
present in the organism has been mutated to prevent the bacterium from expressing a 
functional NiFe hydrogenase protein. In one embodiment the mutations to the 
hydrogenase genes are nonpolar mutations, designed to minimize the affect on the rate of 
expression of nearby gene products. 

30 In accordance with one embodiment a mutant Salmonella strain is 

provided wherein one or more of its NiFe hydrogenase genes have been mutated to 
prevent expression of the NiFe hydrogenase gene. In one embodiment the mutant 
Salmonella strain is Salmonella typhimurium or Salmonella typhi that has three of its 
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NiFe hydrogenase genes mutated to prevent expression of the corresponding gene 
products. In one embodiment the triple mutant strain comprises deletion mutations made 
at STM 3147, STM 1538, and STM 1786. Mutant strains at STM numbers (for the large 
subunit) 3147, 1538, and 1787 correspond to gene designations hybC for STM 3147, and 
5 hydB for the other two sites. In one embodiment the mutations comprise a 4972 bp 

deletion of the Group I genes (deleting genes STM 3147 through STM 3150) represented 
by coordinates 3313762 to 3308790 in the TIGR comprehensive microbial resource for S. 
typhimurium; a 2905 bp deletion of the Group II genes (deleting genes STM 1538 and 
STM 1539) represented by coordinates 1614904 to 161 1999 in the TIGR comprehensive 

10 microbial resource for S. typhimurium; and a 2905 bp deletion of the Group III genes 
(deleting genes STM 1786 and STM 1787) represented by coordinates 1884828 to 
1 887733 in the TIGR comprehensive microbial resource for S. typhimurium. These 
deletions remove the genes encoding the large and small subunit of the respective Group 
I, II and II NiFe hydrogenases. 

15 In accordance with one embodiment a triple mutant S. typhimurium strain 

(JSG 321) is provided wherein the three NiFe hydrogenase genes have been deleted, and 
the strain comprises contiguous sequences of SEQ ID NO 7, SEQ ID NO: 8 and SEQ ID 
NO: 9. This triple mutant hydrogenase deficient S. typhimurium strain (JSG 321) having 
the genes STM 3150, STM 3149, STM 3148, STM 3147, STM 1539, STM 1538, STM 

20 1786, and STM 1787 deleted has been deposited in an International Depository Authority 
in compliance with the Budapest Treaty. In particular S. typhimurium strain (JSG 321) 
has been deposited with the American Type Culture Collection depository (10801 
University Blvd, Manassas, Virginia, 20108, USA), on February 4, 2005 and assigned 
deposit Accession No: PTA-6556. 

25 The hydrogenase deficient bacteria of the present disclosure can be 

combined with phannaceutically acceptable carriers, stabilizing agents, other probiotic 
organisms or anti-microbial agents to prepare a composition that is effective in preventing 
or reducing the symptoms associated with Salmonella, Escherichia (e.g. E. coli), Shigella, 
Yersinia, Helicobacter, Pastuerellaceae, and Campylobacter infections. In accordance 

30 with one embodiment an antigenic composition comprising a hydrogenase deficient 

bacterium and a pharmaceutically acceptable carrier is provided. The composition can be 
administered to a warm blooded vertebrate, including humans, to provide a protective 
effect in the animal against one or more enteropathogens. 
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The cultures may be frozen, or freeze dried to form a lyophilized powder, 
for storage stability and ease of handling. Freeze dried cultures may be directly 
administered to the warm blooded vertebrates (e.g. humans, or domesticated animals such 
as poultry, cattle and other farm animals) or in the alternative reconstituted prior to use. 
In one embodiment the competitive exclusion formulation is encapsulated using 
techniques conventional in the art, including, but not limited to encapsulation in an 
alginate gel. The formulation of the hydro genase deficient bacterial composition will 
vary depending on the route of administration. In one embodiment the compositions are 
formulated for oral delivery. In another embodiment the compositions can be formulated 
for parenteral administration including for example intraperitoneal, subcutaneous, 
intramuscular, intraspinal, or intravenous routes of administration. 

In accordance with one embodiment the hydrogenase deficient bacterial 
composition is combined with a conventional feed, providing a novel feed product which 
may be orally ingested by animals. This novel feed product may be prepared by mixing 
the feed constituents in any conventional fashion for preparing animal feeds, hi one 
embodiment the novel feed composition is prepared by combining a powder form of the 
hydrogenase deficient bacterial composition with the feed constituents in a commercial 
mill following a prescribed formulation. 

In accordance with one embodiment a composition comprising two or 
more pathogenic strains selected from the group consisting of H. pylori, H. hepaticus, 
Salmonella typhimurium, Salmonella typhi, E. coli 0157, Shigella flexneri, Shingella 
sonnei, and Campylobacter jejuni, wherein each of the NiFe hydrogenase genes of the 
respective pathogenic strains has been mutated, wherein the mutations prevent expression 
of a functional NiFe hydrogenase protein. 

In accordance with one embodiment of the present disclosure, a method of 
inducing an immune response in a mammal against a pathogenic bacterium is provided, 
wherein the immune response protects the animal from, or reduces the severity of, future 
infections by that pathogen. The method comprises the step of administering to said 
mammal a composition comprising live bacterium, wherein the bacterium has been 
modified to prevent the expression of a functional NiFe hydrogenase protein. In one 
embodiment the bacterium is selected from the group consisting of Salmonella, E. coli, 
Shigella, and Campylobacter, hi one embodiment, the bacteria is selected from the group 
consisting of Salmonella typhimurium, Salmonella typhi, E. coli 0157, Shigella flexneri, 
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Shingella sonnei, and Campylobacter jejuni, and the composition is administered orally. 
In one embodiment the immune response is directed against a pathogenic bacterium 
selected from the group consisting of Salmonella typhimurium, Salmonella typhi and 
Campylobacter jejuni. 

5 In one embodiment the method of inducing an anti-pathogen immune 

response in a mammal comprises the step of administering to the mammal, including 
humans, a composition comprising live bacteria, wherein the bacteria have been modified 
to prevent the expression of a functional hydrogenase protein. More particularly, in one 
embodiment each of the NiFe hydrogenase genes of the wild type pathogen have been 

10 mutated to prevent expression of each of the NiFe hydrogenase genes present in the 

genome of the bacterium. In one embodiment the mutation comprises the deletion of the 
entire gene, or a portion thereof, of the large and/or small subunit of each hydrogenase 
gene. In one embodiment the modified bacterium is selected form the group consisting of 
Salmonella typhimurium, Salmonella typhi, E. coli 0157, Shigella flexneri, Shingella 

15 sonnei, and Campylobacter jejuni. In on embodiment the modified bacterium is selected 
form the group consisting of Salmonella typhimurium and Salmonella typhi, and in one 
embodiment the modified bacterium is Salmonella typhimurium. 

In accordance with one embodiment, a method of protecting a warm 
blooded vertebrate species against an infection with pathogenic Salmonella, E. coli, 

20 Shigella, or Campylobacter is provided. The method comprises the step of administering 
to the subject a live bacterium, selected from the group consisting of Salmonella, E. coli, 
Shigella, and Campylobacter, wherein the bacterium has been modified to prevent 
expression of a functional NiFe hydrogenase protein. In accordance with one 
embodiment each of the NiFe hydrogenase genes of the wild type pathogen have been 

25 modified to prevent expression of a functional NiFe hydrogenase. In one embodiment the 
modification comprises the deletion of the entire large and/or small subunit of the NiFe 
hydrogenase genes, or a portion of either or both of those subunit genes. 

The compositions can be administered by any of the standard routes 
known to those skilled in the art. In accordance with one embodiment the live modified 

30 bacteria is administered orally at a dose of about 10 4 to about 10 8 cfu. In accordance with 
one embodiment a mammalian species is protected from a Salmonella infection by 
administering a composition comprising a live Salmonella strain, wherein each of the 
NiFe hydrogenase genes present in the genome of the bacterium has been mutated to 
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prevent expression of a functional NiFe hydrogenase protein. In one embodiment a live 
Salmonella strain comprising a triple deletion mutation of each of the three NiFe 
hydrogenase genes (preventing the expression of a functional NiFe hydrogenase) is 
administered to mammalian species to decrease the incidence of a Salmonella infection 
5 that results in diarrheal illness. 

The following examples are intended only to further illustrate the 
invention and are not intended to limit the scope of the subject matter which is defined by 
the claims. 

Example 1 

10 Availability and Use of Molecular Hydrogen as an Energy Substrate for Helicobacter 
species 

Helicobacter pylori is a pathogen that solely colonizes the mucosal 
surfaces of the human stomach, where it gives rise to gastritis, peptic ulcers and is 
correlated with the development of certain types of gastric cancer. It is a prevalent, but 

15 highly treatable infection; the most severe pathologies associated with infection are 

correlated with both the persistent nature of the bacterium and the highly inflammatory 
response of the host. Helicobacter hepaticus is an enterohepatic type of Helicobacter that 
is receiving research attention due to its association with liver disease (including even 
liver tumors) in mice. The recent findings of an association of hepatic Helicobacters with 

20 diseased liver tissue in primates, and the correlations of Helicobacter-specific DNA with 
human patients having primary liver carcinomas has sparked more interest in hepatic 
Helicobacter. 

Initially, H. pylori grown in the lab with H2 was observed to express a 
membrane bound "uptake-type" hydrogenase. Reduction of the membrane fraction (the 

25 fraction that contained the bulk of the hydrogenase activity) by H2 resulted in the 

membrane-associated cytochromes acquiring a reduced (ferrous) state, indicating an 
energy-conserving respiratory chain is operating with the electrons generated from H 2 . 
Similarly, the characterizations of the Helicobacter hepaticus hydrogenase indicated it is 
coupled to H 2 /0 2 respiration as well, but with a significantly lower (whole cell) activity 

30 than for H pylori. Both of the Helicobacter spp. hydrogenases are able to couple H 2 
oxidation with reduction of a variety of positive redox potential acceptors, like other 
uptake type hydrogenases. No H 2 evolution activity could be detected, even when low 
redox potential reduced dyes were supplied to the cell membranes. Also, like other 
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characterized respiratory hydrogenases, both of the Helicobacter enzymes underwent 
reductive activation, in which highest enzyme activities are observed when the enzyme is 
reduced. 

Hydrogen availability and use in tissues colonized by Helicobacter 
5 The levels of hydrogen gas within the intestinal tracts (primarily the 

hindgut) of terrestrial arthropods have been relatively well studied in order to understand 
microbial communities associated with digestion. However, H 2 levels in tissues of 
vertebrate animal hosts had not been assessed until the importance of the substrate to 
Helicobacter pylori infection were ascertained. To study the possible importance of H2 

10 use within animal tissues, H2 levels were assayed in live mice. Both the mucous lining of 
the stomach as well as the lobes of the liver contained ample amounts of molecular H 2 , 
certainly higher levels than were anticipated. The average hydrogen content of the mucus 
layer of the mouse stomach was determined to be 43 |iM (range of 17 to 93 jiM), 
averaging over 20 -fold that of the whole cell Km for hydrogen. Similarly, the H2 levels 

15 in liver tissue were 20-fold higher than the H hepaticus Km for H2. These measurements 
in the animal were taken by use of H2 micro electrode inserted into live mice, and it was 
proposed that these H2 levels were achieved by a combination of cross-epithelial diffusion 
of the gas from the bowel, and from H 2 carried in the bloodstream. By combining the 
tissue H2 measurements with studies on the binding affinity of the bacteria for H 2 

20 (conducted under limiting substrate conditions) it was concluded that Helicobacter 
hydrogenase is saturated with H 2 in the host tissues. 

A mutant H. pylori strain unable to oxidize hydrogen is severely impaired 
in its ability to colonize mice. A total of 9 mice out of 38 inoculated with the mutant 
strain contained any detectable Helicobacter in their stomach, whereas the parent strain 

25 colonized every inoculated mouse. Moreover, for those scored as colonization positive 
by the mutant the colonization numbers (colony forming units per g of stomach) were 
markedly less for the mutant than the parent strain. These results indicate that H2 is a 
major, although not the sole, utilizable energy substrate used by H pylori. The results are 
convincing that H2 use by H. pylori is an important maintenance factor for its survival in 

30 the host. 
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Regulation of Hydro genase 

One characteristic of the bacteria capable of expressing energy-conserving 
uptake hydrogenases is their ability to sense and then respond (by altering hydrogenase 
gene expression) to exogenously supplied hydrogen. Hydrogenase activity in H pylori 
5 was constitutive under all conditions tested (in rich media), but in a chemically defined 
media, the activity increased 4-fold when the cells were supplemented with 10% H 2 . 
Promoter fusions with a reporter gene were used to address this regulation at the 
transcriptional level; a 6- fold increase in transcriptional response was observed by the H 2 
exposure. The enzyme expression response to molecular hydrogen availability is in line 
10 with the conclusion that hydrogenase of Helicobacter functions in respiratory hydrogen 
oxidation. 

Outlook and Perspective 

Hydrogen use is expected to play an important role in setting up the stable 
infections required for the most serious of the diseases associated with H pylori infection. 

15 Colonization and persistence occurs within the complex and viscous mixture of 

glycoproteins known as mucin. According to physiological studies as well as from the 
complete genome sequence information, H pylori appears to be limited in its use of 
oxidizable carbon substrates, and the primary environment for H pylori is also expected to 
be nutrient poor in regards energy sources available for growth and maintenance. 

20 Molecular hydrogen use would thus seem to circumvent some of the colonization barriers 
faced by H. pylori. 

Due to the above considerations, it would be expected that (increased) H. 
pylori infection might be correlated with (H 2 producing) diet regimes. The proportion of 
exhaled gas as H 2 can vary considerably among individuals so it may be possible 

25 someday to correlate H. pylori infection with inherent host H 2 -production characteristics. 
The prevalence of H. pylori infection is thought to depend in part on environmental 
factors, including diet, age of the individual, or the genetic make-up of the individual or 
population. Considering the high affinities of the oxidizing hydrogenases for their 
substrate, H 2 levels would have to be reduced within the individual to sub-fxM levels, and 

30 our data (for mice) indicates levels in tissues are in the 40-60 jjM range. Therefore, the 
microbial fermentations by the colonic flora would have to be dramatically reduced by 
diet in order to starve a pathogen of (hydrogen) energy. Reducing or eliminating such 
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flora is unwise as such bacteria of course have beneficial attributes for animal nutrition 
and digestion. 

A better approach to reduce H2 consumption by pathogens may be to 
design inhibitors of the H 2 utilizing hydrogenases. These enzymes are oftentimes 
5 periplasmic in location and the enzyme contains a highly unique active center containing 
Ni and Fe with attached CN and CO ligands. Therefore few host would be expected to be 
adversely impacted by the by use of NiFe active site specific inhibitors. Another 
approach could be to starve the pathogen of nickel, an essential element for the uptake- 
type hydrogenases (and for another virulence component, urease). 

10 Other Hydrogen-utilizing Pathogens 

That hydrogen present in animals (as a consequence of normal colonic 
flora metabolism) is an energy yielding substrate for maintenance of a pathogenic 
bacterium may be extended to a number of (mostly enteric) pathogens. Based on publicly 
available complete genome sequence annotations (such as the Institute for Genomic 

15 Research, the Sanger Institute, or the National Center for Biotechnology hiformation) a 
number of human pathogens have genes encoding all the components required for 
gleaning energy from H 2 respiration. This would include the structural genes for a 
membrane bound hydrogenase and for shuttling of those electrons to quinone-binding or 
heme b binding proteins, as well as the accessory proteins for the NiFe hydrogenase 

20 enzymes' maturation. These bacteria include Salmonella entericaserovars Typhi and 

Typhimurium, E. coli 0157, Shigella Qlexneri and sonnei) and Campylobacter jejuni For 
some of the enterics, H 2 oxidation via hydrogenases has been measured (albeit 
anaerobically). 

Most of these pathogens live in the gastrointestinal tract, or within organs 
25 that would have ample blood supply (that presumably contains H 2 ). Most of the above 
bacteria also contain the complete respiratory electron transport chain (normally used in 
common by H 2 and other low potential electrons donors), including one or more 0 2 - 
binding terminal oxidases. If these bacteria are able to couple H 2 oxidation to 0 2 uptake, 
it would be expected they could all gain considerable maintenance advantage in 
30 colonizing the host. 
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Example 2 

Hydrogenase Deficient Samonella Strains and Measurement of Their Virulence 
Methods and Procedures 

Based on available annotated gene sequence information the enteric 
5 pathogen Salmonella, like other enteric bacteria, contains three putative membrane- 
associated H2 using hydrogenase enzymes. These enzymes split molecular H 2? releasing 
low potential electrons that are used to reduce (quinone or heme-containing) components 
of the respiratory chain. Here we show that each of the three distinct membrane 
associated hydrogenases of Salmonella enterica serovar Typhimurium are coupled to a 

10 respiratory pathway using oxygen as the terminal electron acceptor. Cells grown in a 
blood-based medium expressed 4 times the amount of hydrogenase (H 2 oxidation) 
activity than did cells grown on Luria Broth medium. Cells suspended in phosphate 
buffered saline consumed two moles of H 2 per mole of 0 2 used in the H 2 /0 2 respiratory 
pathway, and the activity was inhibited by the respiration inhibitor cyanide. Molecular 

15 hydrogen levels averaging over 40 microM were measured in organs (i.e. liver and 

spleen) of live mice, and levels within the intestinal tract (the presumed origin of the gas), 
were 4 times greater than this. The half-saturation affinity of Salmonella typhimurium for 
H2 is only 2.1 microM, so it is expected that (H 2 -utilizing) hydrogenase enzymes are 
saturated with the reducing substrate in vivo. All 3 hydrogenase enzymes contribute to 

20 virulence of the bacterium in a typhoid fever-mouse model, based on results from mutant 
strains in each of the 3 genes. The introduced mutations are non-polar, and growth of the 
mutant strains was like that of the parent strain. The combined removal of all 3 
hydrogenases resulted in a strain that is avirulent and (in contrast to the parent strain) one 
that is unable to invade liver or spleen tissue. Introduction of one of the hydrogenase 

25 genes into the triple mutant strain on a low copy number plasmid resulted in a strain that 
was both able to oxidize H 2 oxidation and able to cause morbidity in mice within 1 1 days 
of inoculation; therefore the avirulent phenotype of the triple mutant is not due to an 
unknown spurious mutation. We conclude H 2 utilization in a respiratory fashion is 
required for energy production to pemlit Salmonella growth and subsequent virulence 

30 during infection. 

It has been suggested that enteric bacteria using hydrogenase enzymes 
might glean energy from the splitting of molecular hydrogen. This high-energy gas is 
produced by colonic flora within animals. Because H 2 is freely diffusible, the gas can be 
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measured within both intestinal and non-intestinal tissue (see Maier, et al., (2003) J. 
Bacterial. 185:2680-2682). As described herein, H 2 utilization plays an important role in 
the pathogenicity of Salmonella typhimurium, a common food poisoning bacterium 
closely related to the typhoid fever-causing bacterium S. typhi. More particularly, the role 
5 of enteric H 2 use was assessed in the mouse model of typhoid fever. 

Mutant strains at STM numbers (for the large subunit) 3147, 1538, and 
1787 were generated; these correspond to gene designations hybC for STM3147, and 
hydB for the other two sites. Also, the hydrogenases of S. typhimurium were determined 
to function in a respiratory (H 2 -oxidizing) fashion by a mutant analysis approach. 

10 Materials and Methods 

Amperometric hydrogenase assays. 

The conditions for obtaining hydrogenase activity involved growing cells 
on a blood-containing medium (Olczak, et al., (2002) J. Bacterid. 184:3186-3193), in a 
microaerobic H2 containing atmosphere (see Table 1 legend). S. typhimurium cells grown 

15 one day on the BA plates were suspended in phosphate-buffered saline, and 8 ml samples 
at cell concentrations of 8 x 10 8 cells per ml were assayed for H2 and O2 uptake activities 
simultaneously. This was accomplished on the same sample in a stirred and sealed 
amperometric dual-electrode chamber (Merberg, et al., (1986) Bacteriol. 156:1236-1242). 
Hydrogen and oxygen were added as needed from gas-saturated solution of phosphate 

20 buffered saline. H2 uptake rates were linear until the substrate reached levels of about 3 
to about 5 ]iM. For methylene blue dependent rates, the chamber lacked oxygen but 
contained MB at 200 |nM, and the cells were permeabilized with TritonX-100 before 
assay. Cell numbers were determined by performing dilutions and plate counts on 
MacConlcey medium. For determining affinity of whole cells for H2, the H2/O2 uptake 

25 assay was performed in a series of limiting H 2 levels between 1.2 and 10 |LiM. The O2 

level was saturating for all these assays, but was maintained below 55 jaM, as the affect of 
high O2 levels on the three separate (hydrogenase) enzymes is not known. The double 
reciprocal plot yields a line equation, for which kinetic parameters can be calculated. The 
Km from this data is referred to herein as the half saturation affinity for H 2 , because in 

30 our case the kinetic constants are for a whole cell system rather than for the pure enzyme 
(the latter being the conventional system for such determinations). 
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Mutant strain construction. 

All mutations were in the structural genes for hydrogenase and were 
constructed in a way so as not to disrupt downstream genes. The three hydrogenase genes 
targeted are ones that are homologous to genes encoding membrane-associated NiFe 
5 uptake hydrogenases (a fourth putative hydrogenase in S. typhimurium is homologous to 
the hydrogenase termed HycE of E. coli that is proposed to be associated with electron 
transfer reactions within a formate hydrogen lyase complex. Although the 3 targeted 
enzymes are predicted to be membrane-bound NiFe types, and were homologous to the E. 
coli hydrogenases, assigning them to genes using the E. coli nomenclature (like hya 
10 genes) was not possible due to strong cross-homologies. Therefore these three genes are 
referred to herein as gene Groups I, II, and III, and the specific gene numbers disrupted 
are described. 

S. typhimurium strain ATCC 14028 (JSG210) was used as the parent for 
the construction of all the mutants. The Lambda Red system was used to construct 

15 deletion mutations in the hydrogenase genes (Datsenko, et al., (2000) Proc Natl Acad Sci. 
USA, 97:6640-6645). The nucleic acid sequence of these genes can be found in the 
NCBI nucleotide database at accession numbers AE008844, AE008766 and AE008779, 
respectively (see also McClelland, et al., Nature (2001) 413: 852-856). 

A schematic overview of the steps used to create the hydrogenase 

20 deletions is provided in Fig. 1 . Briefly, an antibiotic cassette located on plasmid pKD4 
was amplified by PCR. Primers were designed (at their 5' ends) to contain homologous 
sequences to the DNA outside the fragment assigned for deletion. Primers were designed 
to delete a 4972 bp region of Group I genes (STM 3147 through STM 3150) represented 
by coordinates 3313762 to 3308790 in the TIGR comprehensive microbial resource for S. 

25 typhimurium. Group II gene deletion included genes STM 1538 and STM 1539 by 
creating a 2905 bp deletion fragment (coordinates 1614904 to 161 1999 deleted). For 
Group III, a deletion of 2905 bp was made (coordinates 1884828 to 1887733 which 
includes genes STM 1786 and STM 1787). Genes within the deleted regions encoded 
hydrogenase large and small subunits. 

30 More particularly, the following PCR primers were used to create the 

deletion mutations in the respective Group I, II and III S. typhimurium hydrogenase 
genes. 
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Hydrogenase mutant I : 

JG620 5' TAG TGG TTT GGG ATA AAC GTT ATG CAA ACA GTG TAG GCT 
GGA GCT GCT TCG 3' (SEQ ID NO: 1) Deletion Primer upstream of STM3 147 for 
5 deletion of STM3 147-STM3 150 (Used with JG 62 1) 

JG621 5' ATT GAG ACC TCC GAA TCG TCG TCA TCG TAC CAT ATG AAT ATC 
CTC CTT AG 3* (SEQ ID NO: 2) Deletion Primer upstream of STM3150 for deletion of 
STM3 147-STM3 150 (Used with JG 620) 

10 

Hydrogenase Mutant II : 

JG624 5' TCG TAA CGG AAT AAC TAT AAA ATG TGT GCA GTG TAG GCT 
GGA GCT GCT TCG 3' (SEQ ID NO: 3) Deletion Primer downstream of STM1538 for 
15 deletion of STM1538-STM1539 (Used with JG 625) 

JG625 5' CCC CTA AGA CTA ATA TCC GCA TTA CAA AAC CAT ATG AAT ATC 
CTC CTT AG 3' (SEQ ID NO: 4) Deletion Primer upstream of STM1 1539 for deletion of 
STM1538-STM1539 (Used with JG 624) 

20 

Hydrogenase mutant III : 

JG628 5' AAA GGA GAA AAA ATA CGC GTT ATG AAT AAC GTG TAG GCT 
GGA GCT GCT TCG 3' (SEQ ID NO: 5) Deletion Primer upstream of STM1786 for 
25 deletion of STM1786-STM1787 (Used with JG 629) 



JG629 5' ATC GTT CTT TTC CTT AAC GCT TAG CGT ACC CAT ATG AAT ATC 
CTC CTT AG 3' (SEQ ID NO: 6) Deletion primer downstream of STM1787 (used with 
30 JG628) 

Each of the PCR fragments was transfected by electroporation into a strain 
of Salmonella typhimurium containing the Red helper plasmid (a temperature sensitive 
plasmid encoding enzymes that prevent degradation of incoming linear DNA) allowing 

35 uptake of linear DNA and recombination. After selecting for the transformants 

comprising the appropriate insertion, the antibiotic resistance cassette in the mutants was 
eliminated by transforming the strains with the FLP synthesis inducing plasmid, pCP20 
(Datsenko, et al., (2000) Proc Natl Acad Sci. USA, 97:6640-6645). FRT- flanked 
resistance genes, as well as FLP helper temperature sensitive plasmid, were both lost at 

40 43°C. Double mutants were obtained by P22 HTzrc£-mediated transduction of an 

antibiotic marked single gene deletion strain into the appropriate single gene deletion 
strain by antibiotic selection, followed by transformation with the pCP20 plasmid and 
elimination of the antibiotic cassette. The triple mutant was constructed in a similar 
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manner using the appropriate double deletion mutant (genes I and II negative) as the 
recipient. 

The deletion endpoints are demonstrated below for each of the three 
groups of genes. Approximately 100 bp both upstream and downstream of the 
5 hydrogenase deletion sites is shown. Group I represents the deletion of genes STM 3150- 
3147), Group II represents the deletion of genes STM1539-1538), and Group HI 
represents the deletion of genes STM1 786- 1787). The site of the deletion is indicated in 
each sequence. 



10 Group I 

GCGTCGGCAATGATCAAATGATCACGATTCGCCATATCGCCAAGAAGTTCCA 
TTCCCGCCACAATACGCACCCCGATGGCTTCATCGGTCAGCAAAATATTGCCG 
ACCCCTAAGACTAATATCCGCATTACAAAAC (deletion site) 

TGCACAAAGCTTCATGAAATCACGACGGTTAATGCCGTGAGAAGTGATGAGA 
1 5 GTATTATCTCCAGTCATTTTATAGTTATTCCGTTACGAAGACCT (SEQ ID NO: 
7). 

Group II 

GTACTCATTGCCGACACATGCCCAGTAAATACGAAACAGCAGCGCGACAGTA 
20 AAAATATACGCCGTGGTAAAATGGATCAGTCGTATCCAGCCCATCCAAAACA 
TAAAGGTCGCTTCACCTTGAATCGATGGCAGGGGGCGGCCAATGAAATATCC 
TGTAACAGCCAGGACGACAATGGATAACGCCGTGATCCAGTGCCATAAACGG 
ACCGGCGCTTCATAGATATAGTACCCCTGGCTGGTTATTTCTTTGAGATGCAT 
TGAGACCTCCGAATCGTCGTCATCGTAC (deletion site) 
25 TGTTTGCATAACGTTTATCCCAAACCACTATAGTTAGTGTGGGCATCATATGT 
TGCATTTCTTGTCTTTCTCAACGTGTTTTAGTAGCAATTATGTTTCTAATTCGT 
AACAACTGATTACATGTGTGCTACTCACATTACTCAAAAACATAAATTAATTT 
AATGTTATTGGTGATGTTGAGTAAATATAGCGTTGTGATGGCATCTCTTAATG 
TTGATAAGAAACCGTG (SEQ ID NO: 8). 

30 

Group III 

CTTATCGTTAATCCGATACGCTTTTTTCACATTATTTCTGGCGGTATACGCCGG 
TGCAAAGTGAATCGGGCTCGTTTCCGCGCTCGCGCGTAACACAATGATTTACC 
TTGCTGGCGGAACGTCAACGGACCCGCAAAAGCGCCTTATGCCCCTGGCGGA 
35 GCGTGGTGCAAAAAGGAGAAAAAATACGCGTTATGAATAAC (deletion site) 

GGTACGCTAAGCGTTAAGGAAAAGAACGATGACTGGAAAGCTATCTCCACGC 
GTCGGGGAGGCGCGTGATACTGCCGTCAGCCACTATGTGTTTGAAGCGCCGG 
TACGCCTGTGGCACTGGCTAACGGTGGCC (SEQ ID NO: 9). 

40 All deletions were confirmed by PGR with primers designed outside of the 

deleted-DNA regions. For the Group I gene, primer JG622 (5' CAC GGT TTC TTA 
TCA ACA T 3'; SEQ ID NO: 10) was used as the Checking Primer downstream of 
STM3147, and primer JG623 (5' GTA CTC ATT GCC GAC ACA TG 3'; SEQ ID NO: 
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1 1) was used as the Checking Primer upstream of STM3 150. For the Group II gene, 
primer JG626 (5' CCG GGA TGG CGG TTC GCT TC 3 ? ; SEQ ID NO: 12) was used as 
the Checking Primer downstream of STM1538 and primer JG627 (5' GCG TCG GCA 
ATG ATC AAA TG 3'; SEQ ID NO: 13) was used as the Checking Primer upstream of 

STM1539. For the Group III gene primer JG630 (5' CTT ATC GTT AAT 
CCG ATA CGC 3'; SEQ ID NO: 14) was used as the Checking Primer upstream of 
STM1786 for deletion of STM1786-STM1787 and primer JG63 1 (5' GGC CAC CGT 
TAG CCA GTG CC 3'; SEQ ID NO: 15) was used as the Checking Primer upstream of 
STM1786 for deletion of STM1786-STM1787. 

Each deletion left a few hase "scar" in place of the deleted DNA. The scar 
region contains a ribosome-binding site at the 5 ? end as well as a start codon, which will 
allow reengagement of the ribosome for the downstream gene transcription. Also, rtPCR 
of genes directly downstream of the deletion (for Group I, STM 3 145, for Group II, 
STM1536, and for Group III, STM1789) was performed in order to confirm the lack of 
polar affects. Additionally, expression of STM 3142 (ferrichrome-binding periplasmic 
protein) was measured by rtPCR in the triple mutant strain and was found to be the same 
as for the wild-type strain. Therefore, the expression of genes downstream of the deleted 
regions was unaffected, so the results presented are due to hydrogenase deficiencies only. 
Strain numbers corresponding to the introduced double deletions and the triple mutant are 
given in the FIG. 2 legend, and two other strains (containing a low copy plasmid) are 
described in the following paragraph. 

Primers JG915 (5'GCTCTAGAAAAAATACGCGTTATG 3'; SEQ ID 
NO: 16) and JG916 (5'CCCAAGCTTAGCGTACCTGGACGGC 3'; SEQ ID NO: 17) 
were used to generate a PGR product containing STMI786 and STM1787. These two 
genes correspond to those missing in the Group III deletion strain. The PCR fragment 
was cloned into p WSK29 (Wang et al., (1991) Gene 100:195-9) using the Xbal and 
Hindlll sites engineered into the 5' ends of JG915 and JG916, respectively. STM1786 
and STM1787 are expressed from the lac promoter of the vector. The resultant plasmid 
pG3229 was transformed by electroporation into strain JSG321, the triple hydrogenase 
gene mutant, creating strain JSG2495. The plasmid vector pWSK29 was also 
transformed into strain JSG321, creating JSG2497. 
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Mouse Experiments 

BALB/c female mice (obtained from the National Cancer Inst at Frederick 
MD.) were inoculated orally as described previously (Tamayo, et al., (2002) Infect. 
Immun. 70:6770-6678) with 0.1 ml amounts of washed cells (containing 1 x 10 6 bacteria) 
5 suspended in PBS. Mice were observed twice daily and morbidity recorded. The organ 
burdens of bacteria post-inoculation were obtained by euthanizing mice (96 hr after 
inoculation of four mice with each bacterial strain). The liver and spleen were 
immediately removed from the euthanized mice, and the organs were homogenized (in 
PBS). Dilutions were plated onto MacConkey agar, a medium selective for Gram- 
10 negative lactose-negative bacteria, and colonies were counted the next day. No colonies 
were observed from homogenized organs from (two mice in the same cage) uninoculated 
mice. 

Measurements of H2 levels within the small intestine of mice were 
performed by making a small incision into the intestinal wall with a razor blade, and 

15 inserting a 50 jameter tip size H 2 microelectrode probe less than 0.5 mm into the intestine. 
For splenic H2 determinations, the probe was placed from 0.2 to less than 1.0 mm into the 
spleen tissue as described previously for H 2 measurements in liver tissues of live mice. 
These determinations (including instrument calibrations) were performed like those 
described in detail previously for H2 measurements in other tissues (Maier, et aL, (2003) 

20 J. Bacterial. 185:2680-2682). Care was taken to keep all the organs as intact as possible 
during surgery and for microelectrode measurements, and the mouse was kept under 
anesthetic for the procedure. Acquiring a stable H2 signal within the tissue sometimes 
required no probe movement for up to 12 sec. Twelve independent measurements were 
made (four each on 3 separate mice) for each tissue and the mean of these is reported. 
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Results and Discussion 

Characteristics of H2 oxidation Activity. 

Salmonella typhimurium hydrogenase activity has been previously 
ascribed to at least two distinct but similar membrane associated hydrogenases, and 
5 possible roles for these enzymes in anaerobic energy metabolism were proposed (Bock, 
A., and G. Sawers, in Escherichia coli and Salmonella typhimurium, Chap. 18, see. (ASM 
Press, Washington, D.C 2002), F.C. Neidhardt). The complete genome sequence of S. 
typhimurium LT2 indicates the bacterium contains genes for three putative homologous 
membrane-associated H2 utilizing type hydrogenases (Institute for Genomic Research; 

10 TIGR). Although previously-reported S. typhimurium hydrogenase activity was always 
been performed anaerobically, the gene annotated sequence reveals that S. typhimurium 
has several O2 binding oxidases that could perhaps allow for the complete respiratory 
oxidation of electrons from H2 all the way to O2 reduction. If the reductant H 2 could be 
used simultaneously with O2 as the acceptor (i.e. via respiration), then it is expected that a 

15 high efficiency energy yield would be available to allow H2 mediated growth of cells. 
This is a common role for NiFe hydrogenases in many aerobic bacteria. 

Accordingly the H2 oxidation coupled to O2 dependent respiration was 
measured in the parent strain in various gas atmospheres and culture medium conditions, 
including Blood agar and micro aerobic atmospheres ( See Table 1). Previous enteric 

20 bacteria hydrogenase studies used cells grown on either a glucose-peptone medium 
(Sawers, et aL, (1986) J. Bacteriol. 168:398-404) or on LB medium (Jamieson, et aL, 
(1986) J. Bacteriol. 168:405-41 1) under strictly anaerobic conditions. H 2 oxidation was 
monitored herein simultaneously with (CVdependent) respiration by use of H2 and O2 
electrodes on the same (sealed and continuously-stirring) samples. 



25 
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Table 1. Variations of Growth Conditions for Obtaining Respiratory H 2 Oxidizing 
Activity 



Condition 

XT/a 




Description 


Activity 




Medium 


Gas atmosphere 


(nmoles H 2 /min/10 y cells) 


1 


Blood Agar 


Anaerobic Mix 


11.9± 1.5 


2 


Blood Agar 


Anaerobic Mix, but 2% 0 2 


3.2 ±0.4 


3 


Blood Agar 


Campypak system 


2.1 ±0.3 


4 


Blood Agar 


Anaerobic Mix, but 8% 0 2 


<0.2 


5 


Blood Agar 


Anaerobic Mix, but without H 2 


7.2 ± 1.2 


6 


Luna Bertam 


Anaerobic Mix 


2.8 ± 0.4 




Agar 




7 


Luria Bertani 


Anaerobic Mix, but 2% 0 2 


<0.2 




Agar 




8 


Luria Bertani 


Campypak system 


1.2 ±0.1 




Agar 






9 


Luria Bertani 


Anaerobic Mix, but 8% 0 2 


<0.2 




Agar 




10 


Luria Bertani 


Anaerobic Mix, but no H 2 


1.3 ±0.3 




Agar 





* Anaerobic mix consists of 10% H 2 , 5% C0 2 , balance N 2 . After sparging with this 
mixture, 0 2 levels were below 0.2% partial pressure, but were not anaerobic. Results are 
mean ± std. dev. for 5 replicate independent samples. BA = Blood Agar LB = Luria 
Broth Campypak is a H 2 and C0 2 generating system that depletes 0 2 ; initially the 
atmosphere is air, but less than atmospheric Q 2 is achieved. 



In addition to Luria Broth, Blood Agar was tested as a possible high 
nutrient growth medium to enable hydrogenase expression. This proved to be highly 
beneficial to hydrogenase expression (Table 1). The parent strain was able to readily 
oxidize H 2 at rates observed for another H 2 oxidizing pathogenic bacterium (Helicobacter 
pylori) under the same incubation conditions (i.e. Blood agar plus a microaerobic H 2 
containing atmosphere). Salmonella activities on Blood Agar were 4 times that on Luria 
Broth when both were incubated with anaerobic gas mix (Table 1, compare no. 1 with no. 
6). Oxygen repressed hydrogenase expression, as seen by comparing conditions 2 or 4 
with no. 1 (also compare condition 7 or 9 with no. 6). This 0 2 repression phenomenon on 
hydrogenase expression is common for respiratory hydrogenases. Also, incubation with 
H 2 augmented expression, as seen by comparing condition no. 1 with 5, and no. 6 with 
no. 10. 
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Additional Characteristics of H 2 Oxidation. 

A direct amperometric recording of whole cells of S. typhimurium using 
both H 2 and 0 2 as dissolved gases in the buffer is shown in Fig. 2. Nevertheless, some H 2 
oxidation occurred after 0 2 was exhausted (Fig. 2). As seen, when 0 2 is exhausted (at 
5 about the 5 min mark in Fig. 2) 5 H 2 uptake slows, but continues at a slow rate 

(approximately 8% of the aerobic rate, and this diminished rate is maintained for about 7 
to about 10 min). After this diminished activity, over the next 3-4 min time period, H 2 
uptake diminishes more and ceases entirely. This was observed in over 10 different 
assays, and was never observed when assaying other H 2 oxidizing pathogenic bacteria, 

10 such as for Helicobacter pylori or H. hepaticus (Maier, et al., (2003) J. Bacterial. 

185:2680-2682.). The "anaerobic" H 2 oxidation was attributed to endogenous acceptors 
(perhaps organic acids like fumarate) still present within the bacterium, or perhaps to 
residual electron acceptors present in the medium. These predictions are supported by the 
observation that incubation of cell suspensions (cells removed from the blood agar 

15 medium into PBS) incubated in an H 2 -containing atmosphere for 10-30 min at room 

temperature resulted in cells that no longer exhibited the anaerobic H 2 respiration activity 
(i.e. terminal substrate is presumably exhausted). Normally cells were suspended in PBS 
and assayed immediately, so a low rate of H 2 oxidation occurred without 0 2 . By 
performing hydrogenase assays in the absence of oxygen, along with use of mutant strains 

20 (see below) some, but not all, of the endogenous or anaerobic activity (which is the minor 
H 2 respiration activity) could be assigned to function of hydrogenase of gene Group I, but 
hydrogenase number I is also responsible for 0 2 dependent H 2 oxidation/respiration 
(Table 1). 

In Fig. 2, it can also be observed that the stoichiometry of H 2 /0 2 
25 respiration for washed cells in PBS is approximately 2 moles of H 2 oxidized per one mole 
of 0 2 consumed. After the anaerobic H 2 oxidation rate ceased, and 0 2 was supplied again, 
the stoichiometry of H 2 uptake to 0 2 uptake was measured more precisely at 2.0, as 
expected for the complete oxidation of H 2 by 0 2 . That the bulk of H 2 oxidation (even in 
the first 5 min of the assay) occurs via respiration to 0 2 was corroborated by cyanide 
30 inhibition experiments as follows. Addition of 0.1 mM cyanide to the S. typhimurium cell 
suspension prior to the start of the H 2 uptake assay (15 min incubation with sodium 
cyanide in an argon-sparged atmosphere) inhibited 52% of the hydrogenase activity 
compared to the no inhibitor activity, and addition of 1.0 mM cyanide inhibited 90% (to 
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10% of the no inhibitor added) of the H 2 uptake activity. The cyanide additions did not 
affect the methylene blue dependent H 2 uptake activity (i.e. the H 2 splitting hydrogenase 
reaction), so the inhibitor must be acting at the level of the 0 2 binding heme-containing 
proteins (as expected). 

5 Hydrogenases that consume molecular H 2 typically have high affinities for 

the substrate. By performing H 2 uptake assays amperometrically (with 0 2 as the terminal 
acceptor) including in limiting H 2 levels the half saturation affinity for H 2 by wild type S. 
typhimurium was determined to be 2.1 [iM. This was determined from the activities of 
whole cells at nine separate H 2 concentrations and from a linear transformation of the data 
10 in the form of a double reciprocal plot yielding a line equation y = bx + a, where b and a 
are 1.1475 and 0.5545, respectively. 

Mutant strain characterizations. 

Mutant strains in the NiFe hydrogenases were made at STM3147, 
STM1538, and STM 1786. The mutations are referred to as hydrogenase gene Groups I, 

15 II, and III respectively. Table 2 provides the STM numbers for the disrupted large 

subunit of hydrogenase for the various mutants, the TIGR- assigned gene designation for 
each hydrogenase, and our measured 0 2 -dependent H 2 oxidation activities of the wild 
type and mutant strains. Individual single mutant strains in each of the 3 hydrogenases all 
had decreased 0 2 dependent H 2 uptake activity compared to the parent strain (Table 2); 

20 this indicates that each of the 3 enzymes contribute to respiratory H2 oxidation. Still, one 
of the three enzymes (encoded in gene Group I, and designated hybC) is a lesser 
contributor to the overall activity (in laboratory conditions) compared to the other two 
hydrogenases. All double mutant combinations showed further reduced activity compared 
to the parent or the single mutant strains. Only the mutant strain lacking all 3 

25 hydrogenases failed to oxidize H 2 . The growth rate in LB liquid medium was the same 
for wild type and the triple mutant. 



WO 2005/086669 PCT/US2005/006638 

-26- 

Table 2. Aerobic H2 Oxidation Activity by S. typhimurium Strains 



Strain 


Nmoles/min/10 y cells 


wild type 


13.3± 1.1 


H 2 ase I mutant (STM 31.47, hybC) 


10.6 ±0.6 


H 2 ase H mutant (STM 1538, hybB) 


5.2 ±0.8 


H 2 ase III mutant (STM 1787, hybB) 


8.1 ±0.7 


H 2 ase r ir mutant 


2.0 ± 0.3 


H 2 ase I" III" mutant 


3.1 ±0.4 


H 2 ase II" III" mutant 


0.8 ± 0.2 


Triple H 2 ase mutant 


<.20 



5 Virulence 

To assess the ability of the strains to cause disease, a common mouse 
model was used. This assay uses death as the endpoint, as the bacterium is highly 
invasive in mice, resulting in typhoid fever like symptoms. The results are shown in Fig. 
3. As observed in other S. typhimurium virulence studies, the wild type strain caused 

10 death of most of the mice within 10 days of oral administration. All double mutant strain 
combinations were either as virulent as the parent strain (see Fig. 3), or (for the strains 
containing only hydrogenase II or III) somewhat less virulent than the parent. 
Nevertheless, the presence of any one of the three hydrogenases is sufficient for the 
bacterium to cause severe disease, as the virulence characteristics of all three double 

15 mutant strain combinations showed that all 3 enzymes are individually sufficient for 

virulence (i.e. at least 50% of inoculated mice were dead at day 11 post-inoculation for all 
double mutant strains). The strain containing only hydrogenase I retained nearly full 
virulence, but the importance of hydrogenases II and III are shown by the result that a 
hydrogenase I mutant had nearly the same virulence capacity as the wild type. 

20 The triple mutant strain JSG321 was clearly less virulent than the parent 

strain. Indeed out of 30 inoculated mice with that strain, none died. All mice that 
survived to day 30 were also still alive at day 40. Both the triple mutant (stain JSG321) 
and the double mutants (the 111" and ITU" strains, but not the HTIT strain) were 
significantly less virulent than the parent strain according to the alternative Wilcoxin test, 

25 with 7= 0.992 (wild type vs. triple mutant) or 7= 0.988 (for the wild type vs. double 
mutants). Still the triple mutant was significantly less virulent than the double mutants, 
with no morbidity observed by the triple mutant strain over a 40 day post-inoculation 
period. The expression levels of the 3 hydrogenase enzymes within the animal is not 
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known, but due to the in vivo results it is clear that the hydro genase of Group I, a minor 
contributor to the overall lab-grown activity, is an important enzyme for virulence. 

Organ burden, and hydrogen levels measured in tissues. 

Liver and spleen colonization numbers by the triple mutant and the wild 
5 type was determined four days post inoculation (1 x 10 6 cells introduced orally into each 
of the four mice for each bacterial strain) with the result that viable S. typhimurium were 
recovered from the organs of mice inoculated with the parent (Bb-using) strain, but no 
cells were recovered from mice inoculated with the triple mutant. The range of 
colonization numbers (S. typhimurium recovered 96 hrs after inoculation) among 4 mice 
1 0 inoculated with the wild type was between 5.0 x 10 4 to 1.9 X 10 5 CFU per liver, and 3.0 x 
10 4 up to 1.8 X 10 5 CFU per spleen. Therefore it is possible that the mutant strain is 
eliminated from the intestine or during transit to the mesenteric lymph nodes. 

Complementation of the triple mutant. 

To rule out the possibility that an unknown mutation (unrelated to H 2 

15 metabolism) occurred in the triple mutant that severely affects its virulence, one of the 3 
hydro genases was reintroduced into the triple mutant strain. Strain JSG2495 is the triple 
mutant strain containing the genes corresponding to the Group III deletion on a low copy 
vector; its H 2 oxidation and virulence characteristics were studied in comparison to the 
triple mutant strain containing the vector alone (strain JSG2497) and to the wild type 

20 strain and the Group I and II double mutant strain JSG3 15 (i.e. the latter contains only 
hydrogenase corresponding to gene Group III). In an experiment similar to the one used 
to generate the data presented in Table 2, the H 2 oxidation activity of the partially 
complemented triple mutant strain (JSG2495) was (in nmoles H2/min/10 8 cells, mean ± 
std dev of four replicates) 4.1 ± 0.5, and about 2 times that of strain JSG315 (1.9 ± 0.4), 

25 and about one-third that of the wild type strain (14.4 ± 2.0). No activity could be detected 
when four replicate samples of the triple mutant strain containing the vector alone (strain 
JSG2497) were assayed. The morbidity on mice associated with these strains was 
determined as described above for the other mutant strains. Out of five mice inoculated 
with each strain, the number that were still alive at day 17 post-inoculation for each strain 

30 (number alive in parentheses) was as follows: wild type (0), JSG2495 (2), strain JSG315 
(2), and finally for the mutant strain containing the vector only, strain JSG2497 (5). Two 
of the three mice that died within 15 days due to inoculation with JSG2495 died within 11 
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days of the oral administration. Therefore the introduction of one of the hydrogenases 
into the triple mutant restored significant virulence capacity, to a degree that was similar 
to the strain that is able to synthesize only Group III hydrogenase. 

It has been proposed that H2 produced by colonic bacteria might reach 
5 tissues within animals by a combination of cross-epithelial diffusion and vascular-based 
transport processes. Molecular hydrogen levels ranged from 1 18 up to 239 jiM in the 
small intestine of live mice (the mean value for 12 determinations was 168 pM), and 
spleen tissue H2 levels were similar (approximately 43 |uM) to that previously reported 
previously for liver tissue (Maier et al., (2003) J. Bacterial. 185:2680-2682). In either 

10 case, these H2 levels are higher than the amount needed to essentially saturate whole cell 
hydrogenase, based on affinities of the bacteria for H 2 when grown in the lab. For 
intestine and liver/spleen the measured levels were about 80 and 20 fold respectively, 
above the half saturation value of the cells of about 2 pM. Thus a rapid turnover of the 
H2 is expected through hydrogenase activity, especially in (intestinal) environments 

15 where enteric bacteria can thrive. 

The use of H 2 in an O2 dependent respiratory pathway by Salmonella 
would be expected to result in ATP production to bolster cell growth. The animal results 
here demonstrate the importance of H 2 use by an enteric bacterium for survival/growth in 
vivo. It is likely that this is a common mechanism of energy generation by enteric 

20 pathogens within the host. The intestinal flora is the presumed source of H 2 and the 

fermentation reactions they carry out would be expected to provide a continuous supply 
of molecular hydrogen. In addition, the host does not use this high-energy substrate, so 
that even in conditions when the host is nutrient poor in terms of sugars or peptides in the 
serum, the pathogen can grow. With the uniformly high affinity for H 2 by studied uptake 

25 hydrogenases, even in conditions of low H 2 in the bloodstream (lower than have been 
measured herein), the pathogen should readily oxidize the high energy reductant The 
advantage to the pathogen is obvious as the host cannot use this substrate. 

Some of the pathogenic enteric bacteria can now be considered to use 
molecular hydrogen as a critical growth substrate in the animal. This adds an important 

30 group of bacteria to the range of pathogens (like H. pylori) able to use H2 as a growth 
substrate to colonize the host. Helicobacter pylori contains a single H 2 utilizing 
membrane bound hydrogenase, with a high H 2 affinity. Another gastrointestinal pathogen 
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that is physiologically similar to H pylori and contains a NiFe H 2 uptake hydrogenase is 
Campylobacter jejuni. 

The reason for the enteric bacteria having 3 similar (but all active) H 2 
using enzymes is unknown, but could be related to different environments they encounter. 
5 It will therefore be interesting to determine the affinities for H 2 of each of the 

hydrogenases separately, along with determining the tissue specific expression of each H 2 
utilizing enzyme; it would be expected that the high affinity enzymes would be most 
useful to the bacterium in the tissues with lowest H 2 levels (i.e. liver/spleen) and that the 
lowest affinity enzymes could function well in abundant H 2 levels (i.e. the intestine). 

10 Helicobacter pylon contains a single H 2 utilizing hydrogenase, also with a low half- 
saturation affinity (1.8 1 1M) for the gas, but the bacterium has a very limited colonization 
range in the host. The identification of agents that selectively inhibit bacterial 
hydrogenases (with their unique active centers containing Ni, Fe, CN, and ,CO) may 
represent potential therapeutic strategies for the elimination of salmonella-based and other 

15 enteric infections. 

Example 3 

Use of Hydrogenase Deficient Strains to Protect Against Pathogenic Disease 

As the following data demonstrate, use of the triple mutant hydrogenase 
deficient strains (unable to use molecular hydrogen) as a pre-challenge to a lethal dose of 
20 the virulent (H 2 -oxidizing) strain results in protection of the animal from disease 
(salmonella-induced typhoid fever). Not a single animal died or showed disease 
symptoms if it was first inoculated with the mutant strain. 

Methods 

20 Balb/c female mice were obtained from The Jackson Laboratory, 610 
25 Main Street, Bar Harbor, Maine 04609-1500. On day 1, 20 mice were inoculated with 
10 6 cells of Salmonella typhimuriun, triple mutant. This mutant had the following 
deletions: 

Group I- (STM 3150, STM 3149, STM 3148, STM 3147); Group II- (STM 
1539, STM 1538); and Group III- (STM 1786, STM 1787). All of the mice survived. 
30 Fifty days after inoculation with the Salmonella typhimuriun, triple 

mutant, the 20 mice were inoculated with 100 jul containing 5 x 10 6 cells/ 100 jal of wild 
type Salmonella typhimuriun were administered to the mice by oral gavage. Mice were 
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checked daily, and all appeared asymptomatic. The wild type strain (an H 2 oxidizing 
strain) used as the challenge has been previously shown to be lethal. Previous 
experiments have shown that by day 1 1 all mice inoculated with this wild type strain at 1 
x 10 6 cell dost per animal were dead. 
5 Eleven days after being challenged with wild type Salmonella 

typhimuriun, every mouse was symptom free. All 20 mice remained symptom free the 
next day, at which time all were euthanized. 

It would be expected that use of this salmonella strain (triple mutant) as a 
vaccine, or the creation of similar strains of Yersinia, Shigella, E. coli, or Campylobacter, 

10 or even other salmonella species would also give such a protective affect against 

shigellosis, yersinial infections (enterocolitis or bubonic plague), campylobacteriosis, or a 
wide range of E. coli infections of the urinary tract or other tissues. These would apply to 
human infections as well as to livestock. Probably the most likely use of these stains 
would be to prevent diarrheal illnesses and typhoid fever. It is likely that the virulent 

15 strains never pass the mesenteric lymph nodes to overwhelm the host, if the host is first 
challenged with the strain unable to use H 2 . 

Example 4 

Helicobacter hepaticus deficient hydro genase mutants 

In recent years, more than three different Helicobacter species have been 

20 recovered from rodents with H. hepaticus being the most well studied enterohepatic 
Helicobacter species. First isolated in 1992 from untreated A/JCr control mice, H. 
hepaticus is a Gram negative, microaerophilic bacterium that occurs naturally in many 
strains of inbred mice. Mice infected with this bacterium develop chronic hepatic lesions 
and are more prone to developing hepatocellular carcinoma which has made H. hepaticus 

25 an excellent model for studying mechanisms of bacterial-associated liver carcinogenesis. 
Although H. hepaticus can be isolated from the liver of infected mice, it is more 
consistently recovered from the intestinal tract since the primary site of colonization is the 
lower bowel of mice. 

As described in Example 1, hydro genase was demonstrated to be 

30 important for colonization of the animals. As described herein the physiological role of 
this enzyme in H. hepaticus has now been investigated. The colonization deficiency of 
hydrogenase structural gene mutants of H. pylori was attributed to their inability to utilize 
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hydrogen as an energy substrate. H. hepaticus hydrogenase is also a hydrogen-uptake 
hydrogenase which can oxidize molecular hydrogen to yield protons and electrons; the 
low-potential electrons can enter the electron transport chain and thus help in energy 
conservation. The hydrogen content in the liver of live mice is comparable to that in the 
5 stomach (-50 jliM), but in the small intestine, the hydrogen content is almost four-fold 
higher than in the stomach. The whole cell Km of H. hepaticus hydrogenase for 
hydrogen is around 2.5 juM, making it a high affinity enzyme. The source of hydrogen in 
the animal tissues is attributed largely to the fermentation reactions leading to formation 
of acetate and butyrate with hydrogen as a byproduct due to necessity of electron 
10 disposal. 

To investigate whether the energy-conserving role of hydrogenase is 
useful for colonization of H. hepaticus, a mutant strain was generated in the structural 
gene QiyaB) encoding for the large subunit of hydrogenase. This mutant strain was 
compared to the wild type for physiological and colonization abilities. Histopathological 
15 studies of the infected tissues were also carried out to compare the pathological effects 
caused by the wild type and the mutant. 

Materials and Methods 

Bacterial strains and growth conditions. H. hepaticus strain ATCC 51449 
and Escherichia coli DH5a (BRL) were used for genetic manipulations. H. hepaticus was 

20 grown on Brucella agar plates (DIFCO) supplemented with 10 % defibrinated sheep 
blood (BA) with either chloramphenicol (30 jug/ml), or without any antibiotics. Plates 
were incubated microaerobically at 37o C in an incubator (5 % C02 arid 1 % 02). Broth 
experiments (growth and amino acid uptake studies) were performed in Mueller Hinton 
broth (MHB) with either 2 or 5 % fetal bovine serum (FBS) in bottles with gas-controlled 

25 environment. The atmosphere contained 85% N2, 5% C02 and 10% H2. E. coli was 
grown on Luria-Bertani medium supplemented with ampicillin (100 jag/ml), or 
chloramphenicol (30 fig/ml) and grown at 37o C aerobically. Fecal and tissue samples 
were plated on BA medium with amphotericin B (10 jag/ml), vancomycin (10 (J-g/ml) and 
cefoperazone (20 jag/ml). 

30 Construction of H. hepaticus hyaB (HH 0057) and mutant strain by 

insertional mutagenesis. The hyaB gene which encodes for the large subunit of 
hydrogenase lies between hyaA (which encodes for the small subunit of hydrogenase) and 
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hyaC (which encodes for a cytochrome oxidase, part of the hydro genase operon) (Figure 
4). The downstream gene hyaD is also a part of the hydrogenase operon since it is an 
orthologue of the hydD gene of H. pylori shown to be required for synthesis of 
hydrogenase. Primers hyaBF (5'ttcgtggtatgaggataatcagcc-3'; SEQ ID NO: 18) and 
5 hyaBR (5'aataaagcacaactcccgtgagag-3'; SEQ ID NO: 19) were used to PGR amplify a 
13 03 -bp fragment using wild type H. hepaticus ATCC 51449 genomic DNA as template. 
This fragment contained partial sequences of hyaB and its adjacent gene, hyaC. The PCR 
fragment was ligated into pGEM-T vector (Promega) following the manufacturer's 
instructions. The cloned construct was obtained by transforming the ligation mixture into 

10 E.coli DH5oc. Subsequently, a chloramphenicol (Cm) resistance cassette was inserted 
into a unique Aval site within hyaB giving the construct, pGEM-T:hyaB:Cm. The 
recombinant plasmid was introduced into H. hepaticus by electrotransformation (pulse of 
2.5 kV in a transporator plus apparatus, BTX). As a result of allelic exchange, the hyaB 
mutant strain was obtained. 

15 Hydrogenase assays of wild type and hyaB mutant strain. Since the 

mutation was within the large subunit of hydrogenase, the strain was assayed for 
hydrogenase activity using an amperometric method (Maier et ah, (1996) FEBS 
Microbiol Letters, 141 : 71-76). Even if the mutation had been polar, it would only affect 
the hydrogenase activity since the downstream genes are also part of the hydrogenase 

20 operon. Nickel has been shown to be required for the post translational processing of the 
large subunit of hydrogenase in E. coli, Alcaligenes eutrophus, Bradyrhizobium 
japonicum and other bacteria since the catalytic activity of hydro genases depends on the 
presence of nickel in its active site. H. hepaticus wild type and hyaB mutant strains were 
grown on BA media supplemented with different concentrations of NiC12 (0, 1, 2, 6, 8, 10 

25 and 20 pM) to address possible differences in the hydrogenase and urease activities as the 
nickel concentration (supplementation) was varied. Plates were incubated at 37°C in an 
anaerobic jar sparged with anaerobic gas mixture (10 % H2 and 5 % C02 balance N2). 
Whole cells were used for the assay, with 02 provided as the final electron acceptor 
(Table 3). 

30 Growth of wild type and hyaB mutant in the presence and absence of 

hydrogen. Initial experiments indicated that growth of the strains in liquid medium was 
facilitated by the addition of (up to 10 jllM) nickel, but such stimulation was variable and 
could not be attributed to the Ni-hydrogenase enzyme as such stimulation was observed 
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in both the parent and the hyaB strain. In order to study the effects of hydrogen on the 
growth, the wild type and hyaB mutant strains were grown in the presence of 10 pM 
NiC12 and with 10% argon versus with 10 % hydrogen added. Serum bottles containing 
Mueller Hinton broth (MHB) were sparged with N2 to expel all the air. C02 (5 %), 02 
5 (2 %) and H2 (10 %) or argon (10 %) were injected into the bottles (v/v of the head 
space). After autoclaving, fetal bovine serum (FBS) and NIC12 solution (10 jllM) were 
injected. In some experiments 2% serum was used, in others 5%, as indicated in the text 
or Brief Description of the Drawings. All the growth and amino acid uptake experiments 
were performed with 5% serum initially. After it was determined that use of a lower 

10 serum level (2%) facilitated H2-dependent studies (see below), all (growth and amino 

acid transport) experiments were repeated with that serum level as shown. The increase 
in growth was measured spectrophotometrically (A600) and is expressed as absorbance 
units (OD) (Figure 5). OD was converted to cells/ml using a standard curve based on a 
direct (microscopic) counting approach (Maier et aL, (2003) J Bacteriol 185: 2680-2682). 

15 From this curve an OD of 1.0 is approximately equal to 1.6 x 109 cells/ml of the broth 
medium. The growth abilities of both the wild type and mutant strain, were reduced by 
supplementing the medium with 20 |liM nickel. 

14 C labeled amino acid uptake ability of hyaB mutant and wild type. In 
order to investigate whether membrane-bound hydrogenase can use hydrogen as an 

20 energy substrate for uptake of amino acids, H. hepaticus wild type and hyaB mutant cells 
were grown overnight on a shaker at 37° C in MHB with 2 % FBS in 160 ml serum 
bottles, four bottles per strain. These tightly sealed bottles were previously sparged with 
N 2 to expel all the air and injected with 2 % 0 2 and 5 % C0 2 (v/v of head space). After 
the OD600 reached 0.08, 10 % H 2 (v/v of head space) was injected into two of the bottles 

25 for each strain and 10 % argon (v/v of head space) into the other two. After 2 hrs, 14 C 
uniformly-labeled amino acids (Amersham Biosciences CFB104, specific activity of 52 
mci/milliatom) was injected into the bottles so that the final specific activity in the 
medium within the serum bottles was 1.0 juCi/ml. For the 0 hr time reading, 2 ml of the 
culture suspension was immediately withdrawn from the bottles (after injecting the label 

30 and mixing the solution) using a sterile syringe, and four separate samples (2 ml) were 
added to wells of a filtering manifold under vacuum. The filter used was a 0.22 jam 
membrane (Millipore, GSWP 02500). After filtering the cell suspension, the membrane 
was washed with two separate 1 ml aliquots of sterile phosphate buffered saline (PBS) pH 
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7.2 to wash off the 14 C amino acids externally adhering to the cells, and then the 
membranes were transferred into individual scintillation vials. Five ml of the fluor 
(ScintiVerse, Fischer Scientific) was added. Scintillation spectrometry was done as 
described previously (Maier et al., (1988) J Bacteriol 170: 1986-1989). The background 
5 level uptake of 14 C amino acids (at 0 hr) was estimated after averaging the four separate 2 
ml samples. After background sampling, the bottles were allowed to shake at 37 °C for 2 
and 5 hr, and 2 ml samples (total of 8 replicate samples) of the culture suspension were 
taken and filtered as described above. The average cpm/2 ml of filtered cells at 0 hr was 
subtracted from the averaged 2 and 5 hr time points, resulting in the data shown in Table 
10 4. 

For studying whole cell kinetic parameters, a series of limiting substrate 
levels ( 14 C amino acids) were added to 10 ml volumes of cells in sealed (60 ml) vials. 
The level of activity (substrate) added ranged from 1.0 juCi/ml to 0.04 |LiCi/ml (nine 
different concentrations were used) of cell suspension. The cells had been pre-grown to 

15 an OD 6 oo of 0.08 as described above, and then H 2 added for the 2hr period (10% v/v of 
head space) in tightly sealed bottles previously sparged with N 2 to expel all the air and 
also injected with 2 % 0 2 and 5 % C0 2 (v/v of head space). The cells were transferred to 
the 60 ml vials (containing the same atmosphere as above) by use of argon-sparged 
syringes. Therefore, the cells never suffered an 0 2 shock or a change in gas (H 2 or argon) 

20 composition exposure during the (20 min) uptake assay. For kinetics, the transport assay 
was performed within the linear uptake activity time frame of incubation with substrate. 
The incubation with substrate proceeded for 20 min, and four 2 ml samples were 
individually filtered and 14 C measured as described above. Filtered samples from the 
medium alone with the individual label activity were averaged and subtracted from the 

25 experimental (cells) samples. The half saturation affinity and the maximum velocity of 
the uptake was estimated from a linear transformation of the data in the form of a double 
reciprocal plot yielding a line equation of y = bx + a. The y-intercept parameter (variable 
a in the equation) for each strain is reported in the text. A saturation constant in terms of 
Km cannot be assigned to the data, as the serum already contains amino acids at an 

30 unknown level, but relative half-saturation affinities and Vmax for the wild type 
compared to the mutant could be accurately estimated. 

Mice infection. Six week old inbred male A/J mice, certified to be 
Helicobacter-^:^ (routinely tested for absence of H. hepaticus, H. bilis and H. 
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muridaruni) were obtained from Jackson laboratories (Bar Harbor, Maine). They were 
housed with autoclaved food, water, bedding and were quarantined from other 
experimental animals. Cage changes were performed in a laminar flow hood. Animals 
were housed in groups of four per microisolator cage. 
5 H. hepaticus wild type or mutant strains were grown for 72 hours on BA 

plates and harvested by centrifugation with one wash step in PBS, pH 7.2. The OD of the 
inoculum was adjusted to 0.32 at 600 nm, which is approximately equivalent to 5 X 10 
cells/ml (16). The suspension was maintained in argon-sparged buffer to minimize 
oxygen exposure. Two doses (0.2 ml each) of this suspension of the wild type or the 

10 hyaB mutant culture were administered to each mouse by oral gavage on alternating 
days. Ten mice were inoculated for each bacterial strain. Six control mice were sham 
inoculated with 0.2 ml of sterile PBS on alternating days. Fecal pellets were sampled 
from the cages after completion of 20 weeks. After 21 weeks the mice were euthanized 
and the liver and cecum were excised for qualitative, quantitative and histopathological 

15 analysis. The proximal colon was excised only for histopathological testing. 

Qualitative analysis of liver, cecum and fecal samples. 200 mg of fecal 
pellets collected from the cages at 20 weeks post inoculation were homogenized in 5ml of 
sterile PBS. The suspension (200 jul) was plated on BA plates with triple antibiotic 
(amphotericin B (10 jag/ml), vancomycin (10 jug/ml) and cefoperazone (20 jug/ml). The 

20 plates were kept in a microaerobic incubator (1 % 0 2 , 5 % C0 2 ) at 37° C for 72 to 96 hrs. 
Presence of H. hepaticus was confirmed by microscopy, catalase test and by PCR. 

Mice were euthanized 21 weeks post inoculation and the liver and cecum 
were excised. Liver (left, right, caudate and part of the median lobe) and cecum (entire 
tissue after talcing out sample for histopathology), were first homogenized using a tissue 

25 tearor (Biospec Products, Inc., Bartlesville, OK). The homogenized tissue suspensions 
(200 jliI) were plated on BA plates with triple antibiotic to check for the presence or 
absence of H. hepaticus. Growth, if present, was confirmed by microscopy, catalase test 
and by PCR. Part of the median lobe of the liver was used for histopathology. 

Quantitative analysis of liver and cecum. It is commonly acknowledged 

30 that counting colonies of H. hepaticus is a challenging protocol, as the colonies tend to 
stick to one another, and to spread out over the plate. Hence, we performed a real time 
PCR to quantify H. hepaticus in the tissues. In addition, real time PCR is a rapid and 
sensitive technique which has been used to amplify and detect H. hepaticus DNA from 
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tissue isolates of infected mice. Following homogenization of the liver and cecum, the 
DNA was extracted from 25 mg of the tissue using the DNeasy tissue kit (Qiagen). 
Quantitative analysis was performed by real time PCR (iCycler Thermal cycler, BIO 
RAD) using H. hepaticus specific cdtB primers (cdtBF 5'- 
5 GGCT AG AT AC AAGAATCGCT AAT-3 ' ; SEQ ID NO: 20 and cdtBR 5'- 

CTACCTACTACCGCATAATCAAG-3' SEQ ID NO: 21) which produce a 109 bp 
amplicon. Specific primers and probe were designed using the Beacon Designer 
Software (version 3.0, BIO-RAD). Primers and probe for the cdtB gene (encoding for 
subunit B of the cytolethal distending toxin) were shown to be highly specific for H. 

1 0 hepaticus by doing a BLAST against known genomes. 

Real time PCR analysis was performed by using a 50 j^l mixture 
containing 25 \i\ of iQ Supermix (BIO-RAD), 200 nM each of cdtF, cdtR primers, cdtB 
probe and 10 \i\ of tissue DNA (equivalent to 1.25 mg tissue). Conditions for real time 
were 1 cycle at 95° C for 3 min, 40 cycles each of 95° C for 30 s and 58° C for 30 s. 

15 Samples ranging from 10 2 to 10 7 femtograms of H. hepaticus genomic DNA was used to 
generate a standard curve. From the standard curve of threshold cycle v/s log starting 
quantity in femtograms, the amount of DNA in the unknown tissue samples was 
estimated and converted to the number of copies of H. hepaticus genome using the 
following calculations: 

20 The genome size of H. hepaticus is 1 .8 Mbp which is equivalent to 1 1 .88 

X 10 8 g/mol (since 1 bp = 660 g/mol). According to Avogadro's number, lmol of any 
substance contains 6 X 10 23 molecules. So 1 1 .88 X 10 8 g will contain 6 X 10 23 molecules, 
or lg will contain 5 X 10 14 molecules; therefore 2 fg DNA will be equivalent to 1 
molecule or 1 copy of the H. hepaticus genome. 

25 Histopathology studies. The tissue samples measuring about 1cm x 1cm 

(median lobe of liver, cecum and proximal colon) were fixed overnight in 10 % buffered 
formalin, and were routinely processed and embedded in paraffin. 5 jum thick sections 
were stained with hematoxylin-eosin stain and were graded semi quantitatively for 
different histological parameters as described: fibrosis (0, absence; 1, mild portal fibrosis; 

30 2, portal fibrosis with occasional periportal changes; 3, bridging fibrosis; 4, cirrhosis), 
portal inflammation (0, no inflammation; 1, mild infiltrate in minority of portal tracts; 2, 
mild infiltrate in almost all portal tracts; 3, moderate infiltrate in most portal tracts; 4, 
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severe infiltrate in most portal tracts), lymphoid nodules in portal tracts (0, no nodules; 1, 
nodules occasionally present; 2, nodules in majority of portal tracts; 3, large nodules in all 
portal tracts), biliary lesions (0, no lesions; 1, occasional or mild cholangitis; 2, severe 
cholangitis), lobular inflammation and/or necrosis (0, absence; 1, moderate) and tumors 
5 (0, absence). The lobular inflammation scores (including hepatocytic coagulative 

necrosis) that were positive were further sub-ranked for subjection to a Wilcoxin rank 
test, based on their inflammation ranking. For example, the first 8 rankings (all wild type 
samples) were listed first in the sequential rank, and then the remaining 12 rankings (no 
inflammation) were equally weighted among the two wild type and ten mutant samples, 
10 as is permitted by the Wilcoxin test. Among the 20 rankings, the ten assigned to the wild 
type are compared against the 10 mutant strain assignments for statistical ranking 
comparison. This statistical test, which clearly demonstrated a difference in lobular 
inflammation between the wild type and the mutant strain was not applied to the other 
histopathology data, and no statistical differences are claimed for that data. 

15 RESULTS 

Insertional mutagenesis of hyaB gene. The disruption of the hyaB gene 
was confirmed by PGR, as an increased size of the PGR product on an agarose gel (2150 
bp for the hyaB mutant versus 1303 bp for the wild type). The chloramphenicol 
resistance cassette was inserted in the same direction as the hyaB gene; the organization 

20 of the genes involved and the Cm r construct are depicted in figure 1. To establish that 
these two mutations are non polar, an ideal method would be to carry out 
complementation studies, but there are limitations to the genetic techniques presently 
available to manipulate H. hepaticus. Nevertheless, based on the annotated sequence the 
only genes expected to be interrupted even if the insertion is polar, are ones related to 

25 hydro genas e- sp ecific enzyme maturation. 

H. hepaticus colonies tend to merge with each other, thus it is quite rare to 
obtain isolated colonies upon plating. However the number of transformants obtained 
was extremely low for introducing hyaB mutations: only two or three transformant 
colonies were obtained per 10 s to 10 9 cells. However, as the number of transformants was 

30 very few, the margins of each colony could be easily differentiated from one another on 
the B A plate. 

Nickel affects on hvdrogenase and urease activities in the wild type and 
the hvaB mutant. The catalytic activity of bacterial uptake hydro genases depends on the 
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presence of nickel at the unique active site. A battery of nickel transport and metal 
accessory proteins facilitate nickel insertion into the NiFeS-center. Similarly, urease is a 
nickel-containing enzyme, requiring Ni-dependent maturation machinery. Nickel 
supplementation has been shown to facilitate urease activity in H. pylori, but hydrogenase 
5 enzyme activity does not increase significantly in response to nickel supplementation of 
the medium. We observed more than a 25 -fold increase in urease activity in the presence 
of 10 pM added nickel vs without nickel supplementation for both (hyaB and wild type) 
bacterial strains (see Table 3). Even a IjaM nickel supplementation increased urease 
activity 7-fold over no supplementation, and this was a statistically significant difference 

10 (see Table 3). Similar (nickel stimulation) of urease activity values were observed for 
the hyaB mutant as for the wild type. The comparative growth affects by nickel 
supplementation versus without nickel supplementation (doubling times varied between 
7.5 and 11.5 hrs, in the absence of H2) were too variable to clearly interpret, perhaps due 
to variations in the nickel content of the medium. 

15 Hydrogenase activities of the wild type H. hepaticus strain also increased 

significantly with increasing concentrations of supplemented nickel in the medium (Table 
3). Activity decreased (for both hydrogenase and urease) above 10 jlxM and 8jjM nickel, 
respectively, perhaps due to toxicity at the higher nickel concentrations. Similarly, 
growth was inhibited at nickel levels above 10 jliM NiCfe supplementation. For 

20 subsequent growth experiments (see text below) and to study the hydrogenase-specific 
affects, subsequent experiments (such as amino acid transport) always included 10 jliM 
nickel in the medium within the closed gas atmosphere. The hyaB strain completely 
lacked hydrogenase activity even in the presence of externally added nickel (Table 3 
legend), as expected due to the disruption of the (hyaB) structural gene. 

25 Uptake of 14 C-labeled amino acids by the wild type and the hyaB mutant. 

Most H2 oxidizing bacteria are chemoautotrophs, using the energy from H2 to fuel the 
energy input needed for carbon dioxide fixation. The CO2 fixation enzymes are highly 
conserved. However, no such CO2 fixing enzymes exist in the Helicobacters, based on 
the annotated genome sequences of (two) H. pylori or (one) H. hepaticus strains. 

30 Therefore it is expected the energy form H2 may be used to assimilate non-CC>2 sources of 
carbon. The amino acid uptake ability after 2 and 5 hr by the wild type cells in MHB 
with 2% fetal bovine serum and in an ^-containing atmosphere was 7-fold and 6.5-fold 
greater respectively, than the wild type in argon (all data summarized after subtracting the 
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0 hr reading). The amino acid uptake level at 2 hr and 5 hr by the wild type cells in 
hydrogen was 6 and 5.5-fold more respectively, than for the hyaB mutant strain in the 
presence of hydrogen (Table 4). As expected, if the transport rate was markedly 
facilitated by hydrogen oxidation, the mutant strain had the same (low) level in the 
5 presence of hydrogen or argon. The difference between the wild type and mutant or 

between the H2 versus argon condition (for the wild type) was less pronounced when the 
same experiment was done but with 5% serum in the medium. Only an approximately 2- 
fold difference (H 2 stimulation when comparing H2 versus an argon atmosphere) was 
observed in amino acid uptake (2 hr time point) when the cells were grown in the higher 
10 serum content medium (see Table 4, legend). It is possible that H 2 use may be most 
beneficial when the cells exhaust other available substrates. 
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Table 3. Hydro genase and urease activities of the wild type strain grown on 
different levels of nickel supplementation . All results are average ± SD of five readings, 
and the experiment was repeated two additional times with similar results. According to 
students t-test, the results for each nickel concentration are significantly greater than the 
5 previous lower nickel concentration tested at P <.05 ? with the exception of the 10 versus 
20 juM, and the 2 jliM versus 6jaM levels for hydrogenase, and for the levels above 8 
|uM nickel for urease. 



Nickel Concn 
(pM) 


Hydrogenase activity 
(nmol H 2 
oxid/min/10 8 cells) 


Urease activity 
(jamole NH3/min/mg 
protein) 


0 


0.4 ± 0.02 


0.07 + 0.01 


1 


0.8 + 0.1 


0.5 ± 0.03 


2 


1.5 + 0.1 


0.8 ± 0.08 


6 


1.7 + 0.2 


1.0 ±0.08 


8 


2.0 + 0.2 


2.3 ±0.1 


10 


2.6 + 0.2 


1.8 ±0.2 


20 


1.8 + 0.3 


1.7 ±0.1 
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Table 4. Uptake of 14 C -labeled amino acids by the wild type and the hyaB 
mutant strain in MHB containing 2% serum. The cpm/10 8 cells from uniformly labeled 
amino acids taken in a 2 hr and 5 hr period is shown. The wild type strain results in 
hydrogen are significantly greater than in argon at P< 0.05 according to Students t-test 
5 analysis. The wild type strain results (in the hydrogen-containing atmosphere) at the 5 hr 
sampling time is also statistically significantly greater (P< 0.05) than that for the mutant 
strain. Results are averaged from 8 values (± SD ) from one experiment, but a second 
experiment showed similar results. In the same medium, but containing 5% serum, the 2 
hr wild type values (cpm x 10 2 /10 8 cells) were 6.6 ± 2 (argon) and 14.7 ± 3 (H 2 ), 
10 respectively. These latter samples were also statistically significantly different than each 
other and were taken at the same cell density (OD600 of approximately 0.1) as for the 2% 
serum results. 



Strain 


Incubated with 


14 C amino acid uptake 
at2hr 

(cpmxl0 2 /l 0 s cells) 


14 C amino acid uptake at 
5hr 

(cpmxlO 2 /10 s cells) 


Wild type 


H 2 


64 + 8 


102 + 7 


Wild type 


Ax 


8.6 + 2 


15.7 + 5 


hyaB mutant 


H 2 


9.2 + 3 


18.5 ±2 


hyaB mutant 


Ar 


ND 


18.3 + 3 



15 Maximum uptake rates and kinetics of amino acid transport. The whole 

cell amino acid uptake kinetic parameters were compared between the parent strain and 
the hyaB mutant with both strains; this was determined for both strains incubated with 
10% H 2 provided during the assay. These kinetic assays to determine half saturation 
affinity and Vmax are normally applied to substrate use by enzymes, but such 

20 determinations have been useful to correlate whole cell substrate use characteristics of K 
pylori to in vivo virulence characteristics. Also, with regard to H 2 -oxidation mediated 
affects, it was shown that H2 use by Azotobacter vinelandii increased the bacteriums 
Vmax for mannose uptake without altering the bacterium's affinity for the substrate. In 
short term assays of amino acid uptake with a series of (including limiting) substrate 

25 concentrations, the double reciprocal linear transformation of the data yielded a line 

equation in the form of y = bx + a, where a, the inverse of the Vmax was determined to be 
0.279 for the parent strain and 0.605 for the mutant. This difference was statistically 
significant (P<0.05) as the linear transformation plot was based on four replicate samples 
at each of nine different substrate concentrations for each strain. Therefore the Vmax for 

30 the wild type for amino acid transport is about 2.2 fold more than for the mutant strain. 

However, the half saturation affinities calculated from the slope parameter (b in the above 
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equation) were similar for both strains. From this result it appears that H2 augments the 
transport rate, but it likely does not cause synthesis of new amino acid transport 
components with a higher affinity for the carbon/nitrogen-containing substrates (i.e. 
amino acids). 

5 Growth of the wild type and hyaB mutant in the presence and absence of 

hydrogen. As was described for H. pylori, H. hepaticus hydrogenase activity was also 
determined to be constitutively expressed in rich medium (MHB plus serum), irrespective 
of whether the cells are grown with (10% partial pressure H 2 added to gas phase) or 
without added H 2 (argon substituted for H 2 ). Still, for H. pylori, maximum hydrogenase 

10 activities achieved were greater in cells grown with H 2 than without the gas. For H. 
hepaticus, activities achieved in MHB plus serum were the same (in mnoles/min/10 9 
cells, mean ± std. dev. for 5 replicates) with H 2 (41 + 4) as when cells received 10% 
argon instead of H 2 (42 ± 5). These whole cell activities are considerably greater than 
previously reported; this discrepancy was investigated and found to be due to the 

15 combination of using liquid cultures and MHB medium rather than a blood-based 

medium used previously. Nevertheless, the growth rate of the wild type H. hepaticus in 
the presence of hydrogen was significantly better (lower doubling time) than when argon 
replaced H 2 as 10% of the atmosphere (see Fig 5). 

This difference in growth was observed in 3 separate experiments, with 

20 each time point assayed 3 times for each experiment. For all three separate experiments, 
the maximum growth rate achieved in H 2 for the wild type was approximately two times 
(doubling time in hrof4.2± 0.7 for H 2 and 8.4 ± 1.4 for argon) that of the same culture 
condition but lacking H 2 (argon replaced hydrogen); this growth rate was statistically 
significantly different (P<0.05) among the two values (argon compared to H 2 ) for the 

25 wild type and also between the wild type in H 2 compared to either of the two 

atmospheric conditions applied to the hyaB strain. Not surprisingly, growth of the mutant 
strain was unaffected by H 2 , and was lower than for the parent strain (Fig. 5). As was 
observed for the amino acid uptake studies, this growth stimulation affect by H 2 was less 
pronounced when 5% serum was used (data not shown). Nevertheless, it was observed 

30 that the serum level (2% versus 5%) used did not significantly affect the whole cell 

hydrogenase activities achieved (data not shown). The maximum doubling times for the 
hyaB strain with or without H 2 (Fig. 5) was about 12 ± 3hr; this may be less than for the 
parent strain in the absence of H 2 (8.4 ± 1.4hr) if many growth experiments are 
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performed to obtain sufficient replicates for rigorous statistical analysis. Should this be 
indicated, it is conceivable that the parent strain (even without H 2 added) gleans a growth 
advantage over the mutant due to fermentative enzymes producing small amounts of H 2 
as a byproduct of microaerobic/anaerobic metabolism. 
5 Qualitative analysis of H. hepaticus in feces, liver and cecum. H. 

hepaticus was recovered from liver and cecum homogenates (at 21 weeks after 
inoculation), as well as from fecal suspensions (at 20 weeks) from each mouse inoculated 
with the wild type or hyaB or mutant strain. Growth observed on B A plus three 
antibiotics was confirmed to be that of H. hepaticus by microscopy, catalase test and by 

10 PGR (data not shown). Tissue homogenates and fecal suspensions from control 
(uninoculated) mice did not show growth of H. hepaticus on any of the plates. 

Quantitative analysis of liver and cecum. Colonization efficiency of the 
wild type and the hyaB mutant strain was approximated using real time PGR. A standard 
curve was used for estimating the femtograms of DNA, which was later converted to 

15 genome copy numbers (data not shown). Results of real time analysis showed 

comparable genome copy numbers in the liver and cecum from the mice inoculated with 
either strain after 21 weeks. The average genome copy (from 10 mice for each strain) 
among all samples (each determination from 1.25 mg of tissue) ranged from 1.2 x 10 3 to 
1.8 x 10 3 (liver), or from 1.4 x 10 6 up to 1.9 x 10 6 (cecum). The results were not 

20 statistically different among the two test strains. These results indicated that expression 
of hydrogenase may not important be for H. hepaticus colonization of the mouse liver or 
the cecum. No H. hepaticus DNA was detected in tissues of control mice. 

Histopathology results. The animal colonization attributes of many 
Helicobacters (including by H. hepaticus) have been well documented and reviewed. At 

25 necropsy, gross examination of liver, intestines and other visceral organs revealed no 

significant lesions in any of the mice tested. Fibrosis, lymphoid nodules or tumors were 
absent in the liver of all the inoculated mice. Biliary epithelial and oval cell changes were 
absent in all mice (10 animals for each bacterial strain) but one mouse inoculated with the 
wild type showed mild biliary hyperplasia. Mild portal infiltration consisting of 

30 lymphocytes and plasma cells in some of the portal region/areas within the hepatic 

lobules was observed in six wild type-inoculated mice, and moderate infiltration in almost 
all portal areas was observed in one (wild type inoculated) mouse. Very mild portal 
infiltration in a few of the portal areas was observed in eight /zj/aiJ-inoculated mice but 
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also in 3 of the six uninoculated animals. The latter (uninoculated controls) had no 
evidence of degeneration, inflammation, or necrosis, or neoplasm and all were negative 
for H. hepaticus by real time PGR analysis of liver and cecum. 

A clear difference between the mice inoculated with the wild type and the 
5 hyaB mutant was seen in lobular inflammation. Most (8 of 10) of the wild type 

inoculated mice showed moderate lobular inflammation (lymphoplasmacytic hepatitis) 
with hepatocytic coagulative necrosis, and this was statistically highly significantly 
different (at P< .01, according to Wilcoxin rank analysis) than for the hydrogenase 
mutant, for which no mice exhibited those characteristic hepatic lesions; none of the ten 

10 mice inoculated with the hyaB mutant showed any evidence of lobular inflammation or 
necrosis. There was no histological evidence of lesions in the cecum or the proximal 
colon for any test group, and control mice had no histological evidence of lesions in the 
liver, cecum or the proximal colon. Another control was provided by another H. 
hepaticus mutant strain, but in the oxidative stress-combating enzyme alkylhydroperoxide 

15 reductase (all details about that strain will be described in detail elsewhere). That strain, 
containing an antibiotic resistance cassette in the chromosome of the tsaA gene 
(HH#1544) showed wild type-like necrotizing hepatitis when tested for pathology 
characteristics alongside the parent and the hyaB strain (ten mice also used for the tsaA 
strain) as described herein. 

20 DISCUSSION 

The vast majority of Helicobacter research involves the gastric pathogen 
H. pylori. However, many intriguing Helicobacter species exist in animals, and 
physiological and virulence studies of K hepaticus have become increasingly important 
due to the association of this enterohepatic Helicobacter species with chronic hepatitis in 

25 mice and due to the increased incidences of hepatocellular carcinoma in these infected 

animals. H. hepaticus thus serves as an excellent model for studying liver carcinogenesis. 

In order to investigate the role of hydrogenase in the colonization and 
virulence of H hepaticus, a mutant strain was generated in the gene encoding the large 
subunit of hydrogenase (hyaB). The wild type strain possessed hydrogenase activity and 

30 the activity increased when the cells were grown in the presence of supplemented nickel. 
Nickel significantly stimulated the activity of both key Ni-enzymes (urease and 
hydrogenase), and this stimulation affect is greater than is observed for H pylori. This 
difference in the two Helicobacters could be related to the histidine rich nickel-binding 
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protein present in H. pylori (Hpn and Hpn-like protein), which would be expected to 
serve as storage reservoirs for nickel; both of these histidine rich proteins are absent in H. 
hepaticus. Therefore, H. hepaticus may depend greatly on exogenous nickel. As 
expected due to the absence of the hydrogenase structural gene, nickel supplementation 
5 could not restore the hydrogenase activity to the hyaB mutant, yet nickel supplementation 
stimulated urease activity in the mutant like in the parent strain. 

In vitro studies showed that liquid growth in the presence of hydrogen 
(doubling time) of the wild type strain was better than that for the hyaB mutant, most 
likely due to the ability of the wild type to use hydrogen as an additional energy substrate 

10 for growth. Growth stimulation due to supplying H 2 to diverse H 2 oxidizing bacteria has 
been observed previously, but has not been reported for pathogenic bacteria. 

Wild type cells had much increased ability for uptake of 14 C amino acids 
in the presence of hydrogen, than in the absence of hydrogen, or when compared to the 
hyaB mutant cells either in the presence or absence of hydrogen. This is likely due to 

15 wild type cells gleaning energy from hydrogen that is coupled to amino acid transport. 

From the H. hepaticus sequence it is clear that this bacterium, like H. pylori, has abundant 
amino acid transport systems. H 2 stimulation of both growth and amino acid uptake was 
most evident when 2% serum was used rather than 5%; this could indicate that 
hydrogenase may be most important to the bacterium as an alternative energy source 

20 when nutrient conditions are diminished. The Vmax value expressed by the wild type (in 
H 2 ) for amino acid transport was 2.2-fold greater than for the mutant strain. This would 
be consistent with H 2 providing an energy source (perhaps ATP) to augment uptake rates. 
Still, the half saturation affinities for amino acid uptake were similar for the parent and 
the mutant. From this latter result it appears that although H 2 stimulates transport, it 

25 likely neither causes synthesis of new amino acid transport components with a higher 

affinity for the carbon substrates, nor preferentially enables higher affinity uptake systems 
to be used. 

It may appear from real time analysis estimates of genome number (and 
thereby comparative colonization) by the wild type and hyaB mutant that there is no 
30 growth advantage due to H 2 use within the liver or cecum. This is surprising in light of 
the other results, and suggests that hydrogen may be only one among many growth 
substrates utilized by H. hepaticus within the tissues. Therefore, demonstrable growth 
advantages in vivo due to hydrogen are unrealized. If the tissues (especially liver) are 
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well supplied with carbon and energy sources this would be consistent with the idea 
proposed above that H 2 use may be most important under low nutrient conditions. 
Nevertheless, a clear difference was seen in the photomicrographs of the liver of mice 
inoculated with the hyaB mutant versus the wild type or another H. hepaticus mutant 
5 strain; these results showed complete absence of lobular inflammation by the hyaB 
mutant (and similar to uninoculated control mice results), while liver from 8 out of 10 
mice inoculated with the wild type showed moderate inflammation with necrosis. 
Although hydrogenase may not be directly responsible for the pathogenesis seen in the 
liver tissue of mice inoculated with the wild type, the highly diffusible high energy 
10 reductant is present in liver tissue of live mice, and energy released by hydrogen 

oxidation may be used to augment synthesis of virulence-related proteins or enzymes 
responsible for causing inflammation and necrosis. Possibly high efficiency solute uptake 
systems (such as for amino acids) that are supported by H 2 oxidation may be coupled to 
virulence. 

15 This is the first evidence of the involvement of molecular hydrogen use via 

hydrogenase in the development of one of the bacterial-dependent symptoms of hepatitis, 
namely inflammation and necrosis of the liver tissue. Therefore this study adds H. 
hepaticus to the list of bacteria (including for example H. pylori and Salmonella 
typhimurium) that use hydrogen to augment their virulence in animals. It is noteworthy 

20 that insertion cassette mutagenesis was successful for H. hepaticus mutagenesis and it is 
anticipated that this procedure can be used by many researchers for studying roles of 
other genes in this and other bacterium. 



